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La presente tesis consta de un trabajo publicado y un manuscrito en revisién. El
primer trabajo se realizé bajo ia asesoria de los Dres. Marietta Tuena de Gémez Puyou
y Armando Gémez Puyou, en sus laboratorios del instituto de Fisiologia Celular de la
UNAM. El segundo trabajo se comenzé en los mismos laboratorios, pero la mayor parte
del mismo se concluyd en el Departamento de Bioquimica del Instituto Nacional de
Cardiologia “ignacio Chévez", en ¢! laboratorio del tesista.
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INTRODUCCION
El mecanismo por el cual se sintetiza el ATP a partir de ADP y Pi durante ia

fosforilacion oxidativa y la fotofosforilacion permanece aun oculto dentro de las
membranas transductoras de energia. Este mecanismo se ha entendido de forma
parcial gracias a varios avances técnicos y conceptuales. Uno de los grandes p-soi on
ol campo de la bicenergética y en ia biofisica de membranas en general, fue |a
aceptacion de la Teoria Quimiosmética de Peter Mitchell (1961), en la cual se propuso
que la sintesis de ATP no ocurre por medio de un intermediario fosforilado, sino que e!
intermediario es un gradiente electroquimico de protones establecido a través de las
membranas transductoras de energia.

Dentro de este contexto quimiosmdtico, las preguntas que quedan por resolver
se concentran en los mecanismos del funcionamiento de las proteinas transductoras de
energia. El avance en este campo ha sido muy lento debido a que la membrana misma
impone, ademis de una barrera de permesbilidad, una barrera técnica para poder

-estudiar Ia estructura y la funcién de las proteinas integrales de membrana. Es por esto

que por ejempio, en e! caso de la F.F,-ATPasa que tiene una parte catalitica soluble
(F1) y un canal de protones (Fo) membranal, ha sido muy util solubilizar la parte F,, la
cual mantiene la actividad de hidrélisis de! ATP (Penefsky ef a/., 1980).

Recientemente se han logrado avances notables en el andlisis estructural de ias
proteinas transductoras de energia. En primer término figura Ia resolucién por
difraccion de rayos-X del centro de reacciéon fotosintético de Rhodopseudomonas viridis
(Deisenhofer ot a/., 1985), y mis recientemente, la F.-ATPasa mitocondrial (Abrahams
of al., 1994) y (a citocromo oxidasa de Paracoccus denitrificans (lwata ef al., 199S). En
esta ditima, se ha logrado descifrar la estructura terciaria de la enzima de mitocondrias
de corazén de res (Tsukihara ef a/., 1998), siendo la estructura proteica de mayor peso
molecular de ia cual se ha obtenido la estructura cristalogriéfica. Este es un gran pasoc
para entender ¢l mecanismo de acoplamiento o de transporte de cada una de estas
proteinas. Otro caso importante es Ia resolucién de la estructura de |a porina de
Rhodobacter capsulstus (Weiss et al., 1990), aunque ésta no e@s una proteina
transductora de energia, también constituyé un avance muy significativo en el
conocimiento de las estructuras proteicas transmembranales.



La presente tesis se enfoca en el mecanismo catalitico de a F.-ATPasa
mitocondrial, ia parte soluble del complejo F.F,. Este complejo esta presente a lo largo
de toda la escala filogenética. En las eubacterias ayuda a mantener un gradiente de
protones para el transporte de nutrientes, y también funciona como ATP sintetasa. En

ios sucariontes, es ia enzima que lleva a cabo la sintesis de ATP por medio de Ia
fotofosforilacion y

la fosforilacibn oxidativa en cloroplastos y mitocondrias,
respectivamente.

CARACTERISTICAS ESTRUCTURALES Y FUNCIONALES DE LA F.F.-ATPasa.

En todos los organismos de donde se ha aisiado, esta enzima se compone de
tres sectores, el canal de protones Fo, la parte soluble F, y el cuello que conecta a
ambos sectores. La complejidad estructural de la enzima aumenta conforme se avanza
on la escala filogenética (Tabla {). La estructura mdés simple es la del complejo F.F, de
E. coli, esta enzima contiene tres subunidades en ¢! canal de protones (&, b2 ¥y € 12) ¥
S mds en la parte F, (ai3Py718:€1). Las estequiometrias de cada subunidad se muestran
como subindices. En sucariontes, las diferencias principales se cbservan en la parte
Fo. En cloropiastos se sumenta una subunidad a las tres mencionadas para la enzima
de E. coli. Mientras que en la enzima mitocondrial, @l numero de subunidades del canal
se incrementa a 9 0 10. Sin embargo, es importante sefialar que en la parte F, de las
diferentes especies, ia nomenciatura para la subunidades corresponde en homologias
estructurales sélamente en las subunidades a. f y v, mientras que las subunidades 5 y
€ de la enzima mitocondrial son diferentes a ias de E. co/i y cloroplasto (Tabla i).

Las diferencias estructurales de las F.F.-ATPasas de E. col, cloroplasto y
mitocondria se reflejan en su funcionamiento y en la regulacién de su actividad. Por
ejemplo, la F, mitocondrial tiene una actividad hidrolitica que es de 3 a 5 veces mayor a
ia de la F, de E. coliy a la de cloroplasto. Ademis, ia enzima de cloroplasto contiene
un puente disulfuro en la subunidad vy que se reduce o se oxida por |a tiorredoxina en el
estroma de!l cloroplasto, dependiendo de las condiciones de iluminacién. En |a luz, este
puente disuifuro se reduce, permitiendo el funcionamiento de la enzima; en la
obscuridad, se restablece este puente disulfuro para impedir ia actividad de hidrélisis
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TABLA |I. SUBUNIDADES QUE COMPONEN AL COMPLEJO F.F, DE £E. coli.,
CLOROPLASTOS Y MITOCONDRIAS.

PROCEDENCIA

E. coli. Cloroplasto Mitocondria (PM, KDa)
ay as ay $8.1
Bs Bs Ba 50.1
- - P 10.0
7 Y1 1 2.4
- By -
€4 € 3 18.1
- - €1 5.7
- - oscpP 21.0
& as (V) ay 19.0
b2 bz (1), b’ (1) b2 24.0
Cto-12 €042 (11) C1o-12 7.6
- - e, Fg, ABL ?
Esta tabla mt ta disp on general que tiene el compiejo FoFy de todas |as especies. Las

subunidades que componen a |a parte soluble (F,), al cuello, y al canal de protones (Fg) se describen a ia
derecha a una altura aproximads a su localizecion en |a enzima. Las estequiometrias se sefialan como
subindices. Entre paréntésis se muestra la nomencistura de Ias subunidades de cloropiasto. En la Gitima
columna se mu an los ieculares de las subunidades mas importantes del complejo FoF, de
mitocondrias de cCorazon de res. l.os daos fueron recolectados de Joshi y Burtows (1900). Walker of a/.
(1991), y de Pedersen y Amzel (1903).

de ATP en condiciones desenergizadas (Ketcham et al., 1984). Por otro iado, |a enzima
mitocondrial tiene una proteina inhibidora (Pullman y Monroy, 1963) que se asocia a
una subunidad 3 de Ila F,. Esta proteina inhibidora disminuye en dos 6rdenes de
magnitud (a velocidad de hidrélisis del ATP de la F, soluble y del complejo F.F,. Sin
embargo, la sintesis de ATP no es afectada por esta proteina porque ia presencia de
un gradiente de protones induce su reacomodo dentro de Ila estructura de Iia F,
(Gémez-Puyou et al., 1979). Esta forma de reguiacién es diferente al de la enzima de
cloroplasto. En |la enzima de E. co¥ la subunidad & funciona como un inhibidor, y se
regula de manera similar a la proteina inhibidora de la mitocondria.

FUNCION Y ESTRUCTURA DEL CANAL DE PROTONES (Fo).

El nombre “F,* con el que se conoce al canal de protones, fue designado
inicaimente por e! grupo de Racker para una preparacion solubilizacda con detergente
que al ser reconstituida con F, soluble, hacia que la actividad de ATPasa recuperara
su sensibilidad a la oligomicina (Racker, 1976). Este sector F; puede reconstituirse en

3



membranas artificiales y tener actividad de transporte de protones en ausencia de F,
(Kagawa y Racker, 1968; Célis, 1980; Negrin ef a/., 1880; Friedl y Schairer, 1981;
Schneider y Altendorf, 1982). Las subunidades esenciales para la transiocaciéon de
protones son ias tres presentes en E. co# (ver Tabla ). Estas subunidades se
conservan en cloroplastos y mitocondrias. a las cuales se les han afadido otros
péptidos que podrian tener una funcién relacionada con ia biogénesis, estabilidad o
reguiacion de la enzima (Tabla 1). Es posible que estas subunidades adicionales se
hayan integrado en ia superficie externa de ias subunidades centrales del canal, como
ocurre con las subunidades supernumerarias de |la citocromo oxidasa de bovino
(Tsukihara ot &/, 1998). El funcionamiento de la F, dependes de un carboxilo (Asp-81 en
E.col) que se localiza a una altura media del ancho de la bicaps membranal en |a
subunidad c. La modificacién de este carboxilo con diciclohexilcarbodiimida (DCCD), o
su cambio por mutagénesis dirigida a otro aminodécido, bloquea el transporte de
protones (Beechey ef a/., 1987; Cattell of a/., 1971; Fillingame, 1975; Sebald y Hoppe,
1981, Hoppe y Sebaid. 1984). Un dato importante a este respecto es que |a
modificacién con DCCD de una sola subunidad c de las 10-12 existentes detiene por
completo el transporte de protones (Hermolin y Fillingame, 19890). Este resultado
sugiere que el funcionamiento del canal es similar al de la F,, dado que la inactivacion
de uno solo de los tres sitios cataliticos generaimente inactiva completamente a la
enzima (revisado en Boyer, 1993). En otras palabras, las subunidades ¢ del canal de
protones parecen tener un Mmecanismo cooperativo o alternante en su funcionamiento.
La subunidad b del! canal extiende una parte soluble hacia afuera de la membrana para
hacer contacto con la parte C-terminal de las subunidades « y B de (a F, (Wilkens et
al., 1994), posiblemente a través de la interaccion con las subunidades v, 3 y £ (Howitt
ot al.. 1998).

En ila mayoria de los complejos F.F, descritos, Ia hidrélisis del ATP induce un
bombeo de protones, pero se ha encontrado que el complejo F.F; de |a bacteria
Propiogenium modestum bombea iones de sodio, ademdas de protones (Hilpert et a/.,
1984; Laubinger y Dimroth, 1988; 1989). Este cambio de especificidad de protones por
sodio en el compiejo FoF, se ha observado también en otras bacterias como son
Acetobactenum woodii (Reidlinger y Muller, 1994), Methanosarcina meazei (Becher y



Mdlller, 1994) y posiblemente en Vitreoscilla (Efiok y Waebster, 1992). Estos resuitados
sugieren que el mecanismo de transporte de protones por F; es similar al de un canal
idnico, y no al de un conducto por el cual algunos residuos de aminodcidos van
protonandose y desprotonéndose durante el funcionamiento de ia enzima, como parece
ser ol caso de la citocromo oxidasa (lwata et a/., 1995; Tsukihara et a/., 1996). En otras
palabras, @s muy probable que F, funcione como un canal especifico para el i6n
hidronio (H50"). A este respecto, se ha construido un complejo FoF, hibrido consistente
on una parte F, de E. co¥ y un canal de protones de P. modestum. Esta quimera acopla
la hidrélisis o sintesis de ATP al transporte de sodio, y en ausencia del catién
transporta protones de manera acoplada a la sintesis o hidrélisis de ATP (Kaim y
Dinwoth, 1993. 1994). Estos resultados sugieren fuertemente que el complejo F.F, de
diferentes especies puede transportar al menos dos diferentes iones por medio de un
MeCcanismo comun, acoplado a Ia hidrélisis o sintesis de ATP.

La estructura del canal de protones se conoce de manera rudimentaria. Ei
arregio en la membrana de las tres subunidades esenciales es una incognita. Sin
embargo. se sabe que las porciones hidrosolubles de las subunidades b y ¢ forman
parte importante del cueslio que contacta a las subunidades de la F,. Estructuraimente,
la subunidad b forma una trenza de dos alfa hélices en su parte extramembranal que
compone parte del cusllo (Dunn, 1992). La parte hidrofilica de la subunidad ¢ establece
contactos con las subunidades v ¥ € de la parte F,: (Zhang y Fillingame, 1995; Watts et
al., 1995). Ademids, se sabe que (a estructura de la subunidad c es del tipo hélice-asa-
hélice, formando una horquilla (Figura 1). Esta estrucutra de ia subunidad ¢ se pudo
conocer gracias a su solubilizacion en solventes orgénicos y a un andlisis de
resonancia magnética nuclear (RMN) (Girvin y Fillingame, 1994). Aunque tal estructura
no se obtuvo en la membrana, las coordenadas descritas para los aminoécidos de |a
subunidad ¢ concuerdan con muchos estudios previos de mutagénesis y modificacién
quimica. Las dos subunidades b existentes en F, contienen un cruce transmembranal y
una region hidrofilica expuesta del lado del cuello de la F,. Por otro lado, la subunidad
8 parece contener cinco cruces transmembranales. El modelo mas reciente del arreglo
de estas tres subunidades esenciales dei canal F,, propone una disposicion central de
las subunidades a y b, rodeadas de !as 10-12 subuniades c (Howitt ef a/., 1998; Fig. 1).



Figura 1. Eswuctura serciaria de la subunidad ¢ y su posible diswibucion en el canal F, de E. col
respecto a lss subunidades a y b. En la parte superior se muestra una imagen estereoscopica de ia
estructura terciaria de la subunidad c obtenida por RMN en un medio apolar (tomado de Girvin y
Fillingame, 1984). En la a-hélice derecha 3¢ muestra al aspirtico esencial 61 modificado con un andlogo
det DCCD. La parte inferior es una perspectiva perpendicular al piano de ia membrana de

subunidades c rodean

ia posible distribucién de las subunidades a, b y C en ¢l canal de protones F,. Las
hi 6b de la subunidad a, ¥y & un dimero de subunidades b. Los

a las cinco posibles a-héli L,
resiguos de aminodcidos que se indican 3on importantes para el transporte de Protones y su cercania
reiativa se infirié de resuitad de i v de mutantes puntuales (tomado de Howitt of a/.,

196986). La cercania entre Ia alanina 24 y'ol aspiértico 81 de la subunidad ¢ se puede verificar claramente

en ia parte superior.
L]



En ia figura 2 se muestra un esquema con la localizaciéon de las subunidades v, = y ¢,
respecto a las subunidades o y 3 de la F, de E. col/i. La estructura terciaria de la
subunidad £ se determind por medio de RMN (Wilkens et a/.,, 1995) y su orientacion se
dedujo de los resultados obtenidos a partir de construcciones de puentes disuifuro
(Capaldi et al., 1996).

Figura 2. Orientacion de la subunidad = respecto a la subunidades a, 3, Yy y ¢ en el complsjo FoF,
de E. coli. La estructura de la subunidad e fué resuelta por experimentos de RMN. Su orientacién en el
cuello de F, se dedujo del andlisis de la estructura terciaria con experimentos de entrecruzamiento y
formacion de puentes disulfuro entre las subunidades B y . Esta figura muestra un estado de la enzima
asociado con ADP. Cuando la enzima une ATP, ocurre un rearreglo de {as subunidades 7 y £ en el cual,
tas dos a-hélices det dominio C-terminal de la subunidad £ se separan de una subunidad B. Por otro lado,
ia subunidad y parece tener un movimiento rotacional (ver texto) (Tomado de Capaldi et a/., 1996).




FUNCION Y ESTRUCTURA DE LA F,-ATPasa.
La parte F; de estas enzimas puede solubilizarse y aislarse como una F,-

ATPasa activa (Penefsky ot a/., 1960). La ausencia de F, y de potencial electroquimico
de protones en la F, impide que esta enzima solubilizada pueda sintetizar ATP y
liberario al medio. Sin embargo, la F: es capaz de sintetizar ATP en un medio de
dimetilsulféoxido (Sakamoto y Tonomura, 1983; Yoshida, 1983; Sakamoto, 1984; Gomez
Puyou, ef a/.. 1988; Kandpal, et a/.. 1987; Beharry y Bragg. 1991a, 1991b; Beharry y
Bragg., 1992). En estas condiciones, e! ATP sintetizado permanece unido a la enzima
debido a la ausencia de energia para acoplaria a la liberacidon del ATP del sitio
catalitico hacia el medio. De manera similar, se ha demostrado que la F, puede
sintetizar pirofosfato (PPi) (Tuena de Gémez-Puyocu ef a/., 1993), el cual pusde ser
liberado al medio en donde se ha diluido el DMSO, presumiblemente gracias a su baja
energia de unién al sitio catalitico de ia F, (Tuena de Gémez-Puyou et a/.. 1995).

La F, contiene tres sitios cataliticos y tres sitios de unién a nucledtidos no
cataliticos (Cross y Nalin, 1982; Bullough ef a/., 1988). Estos sitios se encuentran
intercalados en las seis interfases o/ que contiene la enzima (Abrahams ef a/., 1994).
Las subunidades B contienen a la mayoria de los aminoécidos que componen a los
sitios cataliticos, y las subunidades a contienen andélogamente a los aminodécidos de
fos sitios no cataliticos (Fig. 3). Los sitios cataliticos funcionan de manera cooperativa;
muestran cooperatividad negativa en la unién a nucledtidos (Tiedge eof a/., 1982) y
cooperatividad positiva en la cinédtica de catélisis (Kayalar et a/., 1977, Hackney y
Boyer, 1978; Hutton y Boyer, 1979; Grubmeyer y Penefsky, 1981; Grubmeyer et a/.,
19682; O'Neal y Boyer, 1984). Los sitios no cataliticos inducen Ia cooperatividad
negativa que muestran los sitios cataliticos (Jauit y Allison, 1993; Ede! et a/., 1993). La
cooperatividad positiva parece inducirse por la interaccion de los nucledtidos con los
sitios cataliticos (revisado en Penefsky y Cross, 1991). Sin embargo, de acuerdo con
los resultados de! segundo trabajo que se presenta en esta tesis, existe Ia posibilidad
de qus la cooperatividad positiva de (a enzima se pueda inducir a través de ambos

tipos de sitios.






Figura 3. Estructura tridimensional de ia F,-ATPasa mitocondrial de corazén de res obtenida por
cristalografia de rayos-X. El recuadro a muestra |a estructura compieta de ias subunidades o (rojo),
p(amaniilo) y Ia mitad de las subunidad y (violeta). Se observa Ia aitemancia de |as subunidades a y
que rodean a dos a-hélices de 1a subunidad v. La subunidad y muestra una fraccion de sus dos hélices y
una pequefia hélice adicional que protruyen afuera del hexamero de subunidades a y p. formando una
parte del cuello que conecta & F, con F,. Ei angulo superior derecho muestra ia diferente disposicion de
las subunidades marcadas con subindices de scuerdo al nuciedtido unido a las interfases cataliticas de
las subunidades a y 3 (ag-Pe cCOmesponde a uUNA iINtEIfase vacia, ars-B» @ UNA iNterfase con AMP-PNP
unido, y ape-ffor comesponde a una interfase con ADP unido). El inciso b muestra un detalle de (a
estructura anterior, las subunidades ar ¥ Pos. ¥ N &l centro ias tres hélices de la subunidad yv. Se
muestra la homologia estructural de las subunidades a y B, ambas comtiensn 3 dominios diferentes. Un
dominio N-terminal que forma un barvil de hojas B, un dominio central de estructura a/f de uniéon a
nucledtidos (se distinguen los nucledtidos unidos en estos dominios en color negro) y un dominio C-
terminal formado de a-hélices. Se puede ver claramente que !as hélices de ia subunidad 7
commespondientes a sus extremos C y N terminal abarcan |a distancia cubierta por los dos ultimos
dominios de ias subunidades a y P en el centro del complejo F,. Et inciso ¢ muestra un corte transversal
de |la estructura del inCiso a. a ia altura del dominio C-terminal de Ias subunidades a y p observada
desdo ia parte "inferior”. Esta perspectiva muestra a |as seis inter cataliti ¥ NOC con los

i iados en NOgro. Las interfases cataliticas son ag-Be. aw-Br ¥ ape-Pos, NOMbradas de
aeuordo a grado de apertura observado. Estas diferencias de estructura en |as interfases cataliticas
concusrdan con ol modeio catalitico de cambio de unidén propuesto por Boyer donde se propone la
existencia de un sitio abierto (O), uno semiabierto (L) y uno cerrado (T) (Ver texto y Figura 4). Los
diagramas se tomaron de Abrashams et /., (1984).

E! mecanismo por el cual se expresa ia cooperatividad positiva de la enzima
parece basarse en la alternancia de los tres sitios cataliticos durante la catdlisis de la
F: (Kayalar ot a/. 1977; Hackney y Boyer, 1978; Hutton y Boyer, 1979; Boyer, 1987,
1989, 1993). Se sabe que los sitios cataliticos son heterogéneos en sus propiedades
funcionales (Bullough et a/., 1987) y en su estructura (Abrahams et a/., 1994). Sin
embargo, se ha demostrado que existe una sola ruta catalitica por la cual esta enzima
hidroliza at ATP (Hutton y Boyer, 1979; Hacney et a/., 1979; Kohlbrenner y Boyer,
1983). Esto sugiere fuertemente que los tres sitios cataliticos que en un momento dado
tienen propiedades diferentes, convergen alternadamente en un MismMo Mecanismo de
reaccion. El modelo de catdlisis que explica la mayoria de ios datos experimentales
que se han encontrado sobre la estructura y funcionamiento de estos sitios cataliticos,
o3 ol modelo de cambio de unién de Boyer (revisado en Boyer, 1987, 1989; 1993). Este
modelo propone que los tres sitios cataliticos van alternéndose simulténeamente en
tres diferentes conformaciones: abierto (O), semiabierto (L) y cerrado (T) (Fig. 4a). La
unién de substrato en un sitio catalitico, y la energia proveniente del gradiente de
protones (en el complejo FoF,), induciria un cambio de unidn en ios otros dos sitios
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cataliticos para liberar al ATP recién sintetizado, y para aumentar la afinidad por ADP y
Pi (Fig. 4A).

El modeioc de cambio de unién concuerda con ia hipétesis de que |la alternancia
de los sitios cataliticos se puede explicar por medio de un mecanismo rotacional en el
cual las subunidades pequeiias de la F, podrian r'ot-r durante la catélisis para cambiar
la conformacién de los sitios cataliticos de manera alternada (Boyer y Kohibrenner,
1981). Recientemente, esta hipitesis adquirié mas fuerza debido a que en |la estructura
cristalogrifica de la F, mitocondrial, la subunidad y forma dos largas a-hélices
acomodadas en un pseudo eje de simetria entre las subunidades o y 3. a manera de un
eje de rotacion para la F, (Fig. 3). Se han tratado de estudiar los posibles movimientos
conformacionales de las subunidades de bajo peso molecular de la F,. Los resuitados
mas concluyentes se han encontrado para la subunidades y y . Inicialmente, se
observé por medio de microscopia electrénica que la subunidad vy de E. co/i marcada
con metales pesadas, puede alternar su posicién entre una subunidad a y una B
después de hidrolizar ATP (Gogol et a/., 1990). Algunos cambios de poiicién simitlares
se han demostrado recientemente para la subunidad c de Ia F, de E. col por medio de
experimentos de entrecruzamiento por puentes disulfuro (Aggeler ot a/., 1995; Aggeler
y Capaldi, 1998; Gruber y Capaidi, 1998). De manera similar, se traté de entrecruzar o
formar puentes disulfuro entre las subunidades de bajo peso molecular de F, con una
subunidad a © B para detener ia posible rotacién entre estas subunidades. Los
resultados de estos experimentos han sido controversiaies (Musier y Hammes, 1987;
Kandpal y Boyer, 1987; Tozer y Dunn, 1988). Sin embargo, se han reportado tres
trabajos recientes que sugieren fuertemente ia rotacion de |a subunidad ¥ durante la
catdlisis. Estos trabajos se basaron en la estructura cristalogrdfica de la F,
mitocondrial. En el primer trabajo, se construyé genédticaments un puente disuifuro
entre ia subunidad vy y una de las tres subunidades 3 de la F, de E. coli. Se encontré
que este disulfuro inhibe completamente la actividad hidrolitica de la enzima. Después,
se observé que ia subunidad y podia cambiar de posicion este disulfuro, orienténdolo
hacia las otras dos subunidades 3 reconstituidas y marcadas con °S. Este cambio de
posicion de la subunidad y respecto & las subunidades $ fue dependients del
tratamiento con MgATP, después de reducir el disulfuro original y antes de reoxidar
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nuevamente a la enzima reconstituida (Duncan ef a/., 199S5). Este experimento se ha
reproducido en el complejo FoF, reconstituido, encontrandose resuitados similares, con
la importante observacion de que el cambio de posicion de la subunidad vy fué inhibido
por la modificacién quimica de F, con DCCD (Zhou et a/, 1996). Este resuitado
muestra que los movimientos de la subunidad vy en F, estén asociados al paso de
protones por Fo.

) El otro estudio que ha mostrado |a rotacion de la subunidad vy es el anidlisis de la
relasjacion de la absorcion de luz polarizada de la subunidad y de cloropiasto marcada
con eosina-5-maleimida (Sabbert of a/., 1998). En este estudio, el cromdéforo unido
covalentemente a |a subunidad y fue expuesto a dos haces de luz polarizada, uno que
se mantuvo fijo y otro cuyo vector se hizo alternar entre dos orientaciones, una paralela
y otra perpendicular respecto al primer haz. Este ultimo fue un léser usado para excitar
y apagar a una fraccién de los cromdéforos orientados en paraleio respecto al ldser. E|
segundo haz de polarizacién alternante, se usé para medir la diferencia de absorcién
eon ambas orientaciones respecto al léser. Si el cromdforo no rotara, se conservaria la
diferencia de absorcién entre ambas orientaciones del segundo haz polarizado; sin
embargo, si el cromdforo rota, esta diferencia decae debido a la recorientacién de los
croméforos excitados. El resultado mostré un decaimiento de Is diferencia de !a
absorcion del cromoéforo en ambas orientaciones del segundo haz polarizado, lo cual
mostré que la subunidad y rota durante la catdlisis. Esta rotacién fue dependiente de
MGATP, no se observd en presencia de un ansdlogo de ATP no hidrolizable (AMP-PNP),
y se detecté en un éngulo de ~ 200°, alrededor de la hélice més larga de Ia subunidad v
(ver Fig. 3).

Estos resuitados apoyan fuertemente la hipdtesis de catdlisis rotacional por la
F.:, |a cual esté de acuerdo con el mecanismo de cambio de unién de Boyer. Sin
embargo, aun no se ha demostrado que esta rotacion ocurra de manera efectiva en un
éngulo de 360° durante |a sintesis de ATP por el complejo FoF,, y si guarda relacion
con la velocidad de hidrdlisis.

E!i mecanismo de acoplamiento entre F, y F, esta basado en movimientos
conformacionales. Aunque para conocer con detalle este mecanismo aun faita mucho
trabajo, se ha propuesto una hipétesis que concuerda con la mayoria de los datos
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funcionales y estructurales. Por ejemplo, anteriormente se menciond que tanto el canal
Fo como |a parte soluble F, son inhibidos por la modificacién de una sola de sus
subunidades esenciales con DCCD. Esto hace suponer que ambos sectores funcionan
de manera alternante y cooperativa. Respecto al sector F;, desde hace algunos afos
(Hoppe y Sebaid, 1988) se propuso que (as subunidades c podrian funcionar de
manera rotacional y concertada con la subunidad a para transiocar protones De
acuerdo con esta propuesta, se conocen los antecedentes mencionados de la posible
rotacion de la subunidad v, y ademds se sabe que esta subunidad se extiende desde la
F:1 hasta ias subunidades ¢ del canal F, (Watts ef a/. 199S5). De acuerdo con estos
datos, el grupo de Cross ha propuesto que ia rotacion de la subunidad y estda acoplada
& una rotacién homoéioga de las subunidades c de Fo. Un esquema de esta hipétesis se
muestra en |a Fig 4b. Este modelo concuerda con los datos experimentales
mencionados previamente, sin embargo. se requiere de més experimentos para
ponerio a prueba.

Dentro de este contexto. una pregunta que esté abierta es si ia subunidad y
podria rotar o no en sentidos opuestos durante las reacciones contrarias de hidrélisis o
sintesis de ATP que cataiiza el complejo FoF: (Capaldi et a/, 1996). A este respecto, en
la presente tesis se propone un modelo de catdlisis rotacional en donde los resulitados
que se describen a continuaciéon podrian explicarse suponiendo que la subunidad v
puede rotar en dos sentidos opuestos durante la induccién de la cooperatividad

positiva de ia enzima.

CINETICA UNISITIO Y COOPERATIVIDAD POSITIVADE LA F,.

Para obtener las constantes de reaccién de! ciclo catalitico de esta enzima, es
necesario medir ila hidrélisis de ATP en un 80lo sitio catalitico. Para esto, el grupo de
Penefsky disefié las condiciones de “catdlisis unisitio”, en las cuales la F, soluble se
mezcla con cantidades subestequiométricas de [y*°PJATP. La F, tiene un sitio catalitico
de alta afinidad por nucledtidos, y éste es el unico que se ocupa con el [Y>PJATP que
se afisde en condiciones unisitio (Grubmeyer y Penefsky, 1981; Grubmeyer et a/.,
1982; Penefsky, 1988). Esto permite medir las constantes de velocidad del ciclo
catalitico de! sitio de alta afinidad de la enzima. Esta catdlisis unisitio se caracteriza por
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Figura 4. Modelo de cambio de union en la sintesis de ATP, asociado a la posible rotacion de la
subunidad y en el complejo FyF,. En el recuadro A se muestra un dibujo simplificado de la F, ATPasa
en el cual, de acuerdo al modelo de cambio de union de Boyer, [os tres sitios cataliticos se presentan en
tres estados conformacionales diferentes O, L y T (ver texto). La subunidad y se muestra en el centro de
Fi. El primer cambio de unidn que ocurre en la fase uno se induce por la energia proveniente del
gradiente de protones, provocando un incremento de afinidad por ADP y Pi, y una liberacion de ATP
simultanemente. Este cambio de unidén esta asociado a la rotacidon de la subunidad v. £€n la fase 2, la
sintesis de ATP ocurre espontanemente en el sitio T, sin consumo de energia del gradiente de protones.
En este estado, la enzima puede unir ADP y Pi en el sitio abierto y reiniciar otro ciclo catalitico repitiendo
la fase 1. En el dibujo inferior (B) se muestra un modeio de acoplamiento para el compliejo FoF,, en el
cual el flujo de protones por Fp induciria la rotacion de las subunidades c, las cuales al estar asociadas a
la subunidad 7 inducurian los cambios conformacionales de los sitios cataliticos en F, (Tomado de Cross

y Duncan, 1996).
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ser 10° veces mas lenta que |a catilisis en condiciones saturantes de sustrato
(revisado en Penefsky y Cross, 1991). En estas condiciones no se expresa ia
cooperatividad positiva de |a enzima debido a que hay un unico sitio catalitico ocupado
on una fraccion de tas enzimas.

Después de conocer los valores de las constantes de velocidad del ciclo unisitio
de la enzima. se obtuvieron varias conclusiones importantes repecto a a energética de
la hidrélisis y sintesis de ATP. En primer término, se observé una K.,~1 para la
hidrélisis/sintesis de ATP dentro del sitio catalitico (Fig. 4). Esto implica que la reaccion
de hidrolisis o sintesis de ATP en este sitio catalitico ccurre de manera esponténea,
por (o cual se supone que esta reaccion no estad acoplada al transporte de protones por
ol canal F,; (Fig. 4). Por otro iado, se observé que las reacciones mas exergénicas del
ciclo catalitico unisitio en el sentido hidrolitico son la entrada del ATP y la salida de Pi
(Al-Shawi y Senior, 1888; Al-Shawi of a/., 1989; Al-Shawi et a/., 1990). Si este ciclo se
analiza en sentido inverso, es decir en ¢l sentido sintético, se puede predecir que los
pasos mas endergénicos durante la sintesis de ATP serian la liberacidén del! ATP del
sitio catalitico., y la entrada de Pi. Estas predicciones se han confirmado
experimentaimente, dado que el grupo de Boyer habia observado que las reacciones
de hidrélisis y sintesis de ATP ocurren de manera reversible dentro del sitio catalitico
(Kayalar of &/., 1977; Hackney y Boyer, 1978; Hutton y Boyer, 1979). De acuerdo con
eostas predicciones, Penefsky demostré que la liberacién de! ATP unido a un sitio
catalitico de alta afinidad en el complejo F.F, de particulas submitocondriales, se
induce con un gradiente de protones generado con NADH (Penefsky, 1985).

La manera mas clara de detectar experimentaimente la cooperatividad positiva
de la enzima es |a de inducir la transicion de catidlisis unisitio a catdlisis multisitio en |a
F:.. Esto se logra al afladir un exceso de nucledtidos a la F,-ATPasa que esta
catalizando hidrélisis unisitio de [Y“PJIATP. En estos experimentos, se cbserva un
incremento abrupto en la cantidad de [y PJATP hidrolizedo, que comunmente se
describe como un salto en la hidrolisis del [Y*PIATP unido previamente al sitio
catalitico de alta finidad de la enzima. Este salto de hidrélisis se cree que ocurre en
respuesta a la unién de los nucledtidos frios a los sitios cataliticos que estén vacios.

Estos experimentos han sido muy utiles en ¢! anidlisis de la catélisis unisitio de la
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F, ATPasa. Por esjempio, mediante esta metodologia de aceleracidn de catdlisis, se
midieron las constantes de velocidad del ciclo de catdlisis unisitio de ia enzima (Cross
ot al., 1982). Sin embargo. un resultado que no se ha analizado en todos estos
experimentos de aceleracién de catdlisis, es que después de que ia enzima ha pasado
de catdlisis unisitio a muitisitio, no se hidroliza répidamente el 100% del [YPJATP
unido previamente en condiciones unisitio. A este respecto, en (0s trabajos que
contiene esta tesis se muestra que |a fraccién del [Y*°PJATP que no se hidroliza en los
primeros segundos después de (a transicion de catdlisis unisitio a multisitio, se libera al
medio en respuesta de la adicién de ADP o de ATP en exceso.

Estos resultados son importantes por que no se habia detectado anteriormente
que la induccién de Ia cooperatividad positiva de la F, indujera |a liberacién del
substrato ([Y*PJATP) de su sitio catalitico de ailta afinidad. Unicamente se habia
detectado ia aceleracién de su hidrélisis (Cross et a/., 1982; Penefsky y Cross, 1991).
El otro aspecto impartante de esta reaccién de liberacion, es que constituye ia etapa
final, y la mas endergénica, de ia fosforilacion oxidativa que realiza el compiejo FoF,.

Por otro lado, el primer trabajo que contiene esta tesis muestra un estudio inicial
de ia reaccién de catdlisis unisitio en ausencia y en presencia de un inhibidor parcial
de Ia actividad de ATPasa multisitio, Ia trifluoroperazina (TFP). La TFP es un inhibidor
reversible, no competitivo con ATP, que disminuye la actividad multisitio de ila ATPasa
hasta un 70% (Garcia of a/., 7995). Se sabe que Ia TFP pertenece a un grupo de
inhibidores parciales de la F,-ATPasa conocido como el grupo de ios cationes
anfipéticos. Estas molécuilas son inhibidores no competitivos con ATP de la actividad
de hidrélisis multisitio de la enzima (Vanderkooi et a/., 1981;Chazotte et a/., 1982;
Palatini, 1982; Adade eof a/., 1984; de Meis et a/., 1988), pero se desconoce a qué nivel
del ciclo catalitico de ila F, es que actuan. Un enfoque con el cual se iniciaron los
presentes estudios, fue el de averiguar qué ocurre en la catdlisis unisitio de una enzima
que trabaja al 30% de su actividad muitisitio, en presencia de TFP. A reserva de ia
posible alternancia entre los sitios cataliticos de la F,, era probable que la enzima
inhibida con TFP conservara uno o dos sitios cataliticos funcionales, o alternativamente
que todos los sitios cataliticos se inhibieran parcialmente con la TFP. En el primer
caso, se esperaria que |a TFP tuviera un efecto de todo o nada en la catidlisis unisitio
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por la F,. El segundo caso concordaria con una inhibicién parcial de Ia hidrolisis
unisitio de [Y2PJATP por la F,. Ademis de este estudio de la catdlisis unisitio, también
se ostudid si esta inhibicién por TFP involucra un efecto en la cooperatividad de la
enzima.

OBJETIVO GENERAL.

Inducir ia transicién cooperativa de catdlisis unisitio a multisitio de la F,-ATPasa con
diferentes substratos para acelerar la hidrélisis y/o Ia liberacion del [YZPJATP unido al
sitio catalitico de alta afinidad de la enzima, en ausencia y en presencia de la TFP.

OBJETIVOS PARTICULARES.

- Medir ia hidrélisis unisitio de [YPJATP por ia F,-ATPasa en ausencia y en presencia
de la TFP.

- Medir el cociente de [Y“PJATP unido/”Pi unido a la F,-ATPasa en condiciones de
hidrélisis unisitio en ausencia y en presencia de TFP.

-Medir ia constante de velocidad de liberacién de *Pi de la F, en condiciones de
hidrélisis unisitio de [Y“PJATP.

-inducir la transicién de hidrélisis unisitio de [y“PJATP a hidrélisis multisitio en
ausencia y presencia de TFP.

-Medir la posible liberacion del [Y“*PJATP unido previamente a la F, en condiciones de
catdlisis unisitio, durante la aceleracién a catidlisis multisitio inducida por ADP. Esta
liberacién se mide por medio de la accesibilidad de! [Y*PJATP a una trampa de
glucosa-hexocinasa.

-Determinar si ! PPi @3 © no un inductor alostérico de la hidrélisis unisitio de [Y“PJATP
por ia F,-ATPasa soluble.

-Determinar si ol PPi, a una concentracién méxima de S mM, puede inducir ia liberacién
del [Y*PJATP unido a la F,-ATPasa en condiciones de hidrélisis unisitio.

-Determinar si las reacciones de hidrélisis y liberacién del [YPIATP se pueden separar
experimentaimente por medio de sus respectivas afinidades por los nucledétidos.

-Proponer una explicacion para la hidrélisis y la liberacién de [YPPIATP que expresa la
F: durante la transiciéon de catdlisis unisitio a multisitio, con un modelo que concuerde
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con el mecanismo catalitico de cambio de unién de Boyer, y con el posible mecanismo
rotacional de ia F,-ATPasa.
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RESULTADOS Y CONCLUSIONES.
En el articulo y el manuscrito que se anexan, se muestan (os resultados

obtenidos a partir de los objetivos planteados anteriormente. Estos resuitados se
pueden resumir en los siguientes puntos.
- Primer trabajo:*Unisite hydrolysis of [Y“P)JATP by soluble mitochondrial F,-ATPase
and its release by excess ADP and ATP. Effect of trifluoperazine. " Autores: José J.
Garcia, Armando Gémez-Puyou y Marietta Tuena de Gémez Puyou'.

La hidrélisis unisitio de [YPJATP por la F,-ATPasa se inhibié parciaimente por
TFP. Los efectos de la TFP en el ciclo catalitico de la enzima se observaron en dos
etapas distintas: i) se encontré un incremento en el cociente [y “PJATP unido/ZPi unido
respecto a la enzima control, que desfavorece a la hidrélisis unisitio, y ii) la TFP
disminuye parciaimente la liberacién del producto ¥Pi del sitio catalitico. Estos dos
efectos contribuyen a la inhibicién parcial de la actividad unisitio de la enzima.
Respecto al efecto de la TFP en ia cooperatividad positiva de la enzima, se encontré

‘que inhibid en un 15% Ia transicién de catdlisis unigitio a multisitio de la F.-ATPasa.

probablemente debido a la separacién funcional de los sitios cataliticos en esta
fraccién de las enzimas. Debido a que la liberacién del *Pi es un paso limitante en la
catdlisis unisitio, se esperaria que el efecto de ia TFP en este paso fuera e! de mayor
contribucién a la inhibicién de la catdlisis multisitio por ila F,.

Estos resultados sugieren que la TFP inhibe a |a ATPasa por un efecto en la
velocidad de |a catélisis en cada uno de los tres sitios cataliticos de ia enzima, y no por
una inactivacién selectiva de uno o dos de los sitios activos de la F,.

Por otro lado, se encontré una observacién importante al estudiar ia aceleracién
de la catdlisis unisitio por ADP. Este nucleétido acelerd la hidrélisis del [y“PIATP
previamente unido a la F, en condiciones unisitio, y produjo |a liberacién de una
fraccion del [Y¥PJATP unido a la enzima. Este resuitado muestra que ia aceleracién de
catdlisis unisitio por la F, puede producir dos reacciones opuestas: hidrélisis y
liberacidn de! [Y“PJATP desde el sitio catalitico de aita afinidad hacia e! medio acuoso.
Esta observacién es relevante ya que la unica resccién que se habia detectado

' Este trabajo esté publicado en el Jownal of Bioenergetics and Biomembranes 29:61-70 (1997), y se
realizé en su totalidad bajo ia direccion, y en los laboratorios de ios Dres. Marietta Tuena de Gomez
Puyou y Armando Gomez Puyou, en el Instituto de Fisiologia Celular de la UNAM
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anteriormente durante la aceleracién de catdlisis de la F, soluble era la hidrélisis. La
liberacion del [y?PJATP se habia reportado solamente una vez con anterioridad en una
mutante puntual de la F, de £.coi afectada en la cooperatividad positiva de la enzima
(Al-Shawi ot a/., 1989), pero nunca en una F,-ATPasa soluble totaimente funcional.

La importancia de |a liberacion del [YZPJATP de la F,, radica también en el
-carféicter endergénico de ia salida del ATP. Como se menciond en la introduccién, |la
liberacion del! ATP es la ultima fase de |a reaccion de sintesis de ATP, y se induce por
el potencial slectroquimico de protones en el complejo FoF,. Por lo tanto, este trabajo
muestra que la energia de unién de! ADP es suficiente para inducir Ia liberacién de!
[y”P]ATP unido a un sitio catalitico de alta afinidad de la F.-ATPasa soluble.
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Unisite Hydrolysis of [v32P]JATP by Soluble Mitochondrial
F;-ATPase and Its Release by Excess ADP and ATP. Effect of
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Some of the characteristics of unisite hydrolysis of [y*?PJATP as well as the changes that
occur on the transition to multisitc catalysis were further studied. It was found that a fraction

°  of [yPJATP bound at the catalytic sites of F, under unisite conditions undergoes both
- hydrolysis and release induced by medium nucleotides upon addition of millimolar concentra-
tions of ADP or ATP. The fraction of [y**P)ATP that undergoes release is similar to the fraction
that undergoes hydrolytic clcavage, indicating that the rates of the release and hydrolytic
reactions of bound {y*?P)ATP are in the same range. As part of studies on the mechanisms
through which trifluoperazine inhibits ATP hydrolysis, its effect on unisite’ hydrolysis of
[v*?P)JATP was also studied. Trifluoperazine diminishes the rate of unisite hydrolysis by
30-40%. The inhibition is accompanied by a nearly tenfold incrcase in the ratio of [y?*2P)ATP/
32pj bound at the catalytic site and a 50% diminution in the rate of 3?Pi rclease from the
enzyme into the media. Trifluoperazine also induces heterogeneity of the three catalytic sites

of F; in the sense that in "a fraction of F, moleccules, the high-affinity catalytic site has a
turnover rate lower than the other two. Trifluoperazine does not modlfy the relcase of previously
bound [y**P)ATP induced by medium nuclcoudcs The latter indi that hindi in the
relcase of Pi do not ily ac pany ons in the rel of ATP even though both

species lie in the same site.

KEY WORDS: ATP rcl itochondrial F,; trifluop ATP hydrolysis.

1993). F, has six binding sites for adenine nucleotides,

INTRODUCTION
three of which possess catalytic properties (Garret and

VUV VY VUV UV UUVYYYIIIDID)

\¥3

‘The mitochondrial ATP synthase is formed by a
membrane moiety (Fp) that allows the coupling of
electrochemical H* gradients to the synthesis of ATP
by the catalytic portion, F,. The latter may be obtained
as a soluble protein that catalyzes the hydrolysis of ATP
(Penefsky er al., 1960). It is formed by five different
subunits in a stoichiometry of 3a, 38, 1v, 18, le, in
order of decreasing molecular wejght (Knowles and
Penefsky, 1972a,b; Foster and Fillingame, 1982; Mor-
adi-Améli and Godinot, 1983, Pedersen and Amzel,

! Instituto de Fisiologfa Celular, Universidad Nacional Auténoma

de México, Apartado Postal 70-243, México, D. F. 04510, México.

Penefsky, 1975; Cross and Nalin, 1982; Xue et al,
1987; Cross, 1988). Some years ago, the important
observation was made (Grubmeyer and Penefsky,
1981; Grubmeyer er al., 1982) that at concentrations
of ATP lower than those of the enzyme, F, catalyzed
ATP hydrolysis through the function of only one cata-
lytic site. The kinetics and thermodynamics of the
various steps of unisite hydrolysis have been thor-
oughly studied (Grubmeyer er al., 1982; Cross et al.,
1982; Al-Shawi and Senior, 1988; Al-Shawi er al,
1990; Cunningham and Cross, 1988). Also, site-
directed mutagenes in F, from E. coli (Duncan and
Senior, 1985; Parsonage et al., 1987; Al-Shawi et al.,
1989; Wood er al., 1987; Weber er al., 1994; Omote

0145-479X/97/0200-0061$12.50/0 © 1997 Plenum Publishing Corporation
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et al., 1995) and inhibitors of F; have been used to gain
insight into the steps of the catalytic cycle (Kandpal ez
al., 1985; Tommasino and Capaldi, 1985; Noumi et al.,
1987a,b). The reaction sequernce of unisite catalysis is

_J F “ADPF J’F.

Fo+ ATP o= FyATP T FrADPFi —_ —_
] ADP
(] @ (2] (8]
Scheme 1

Although F, can function with only one catalytic
center, it has been extensively documented (Grub-
meyer and Penefsky, 1981; Cross ez al., 1982; Hackney
and Boyer, 1978; Hutton and Boyer, 1979; O’Neal
and Boyer, 1984) that the rate of unisite hydrolysis is
accelerated approximately 10° times when excess ATP
is added. This is due to an increase in the rates of
substrate hydrolysis and product release from the cata-
lytic site upon filling of the other catalytic sites, i.e.,
the alternating site mechanism of Boyer et al. (Hack-
ney and Boyer, 1978; Hutton and Boyer, 1979; Kayalar
et al., 1977; Boyer, 1993). In confirmation of previous
data (Grubmeyer and Penefsky, 1981; Cross et al.,
1982; Hackney and Boyer, 1978; Hutton and Boyer,
1979; O'Neal and Boyer, 1984), it was found that
under unisite hydrolysis of [v*>’PJATP, the addition of
excess ATP or ADP enhanced the rate of hydrolysis
of [¥*?PJATP bound to the catalytic site; however, it
was now observed that the addition of excess ATP (or
ADP) caused the release of a fraction of the bound
[v*2P]ATP.

The effect of trifluoperazine (TFP)? on unisite
ATP hydrolysis was also determined. This was because

. at saturating ATP concentrations, the maximal inhibi-

tion attained with TFP is approximately 70% (Garcia
et al., 1995), and thus it was considered of interest to
explore the mechanisms that lead to an enzyme that
works at 30% of its maximal velocity. It was found
that TFP inhibited by about 30% unisite hydrolysis;
the inhibition was accompanied by an increase in the
ratio of bound ATP/Pi at the catalytic site and a diminu-
tion in the rate of Pi release. .

In the light of the data observed with and without
TFP, it was studied if the alterations of steps 2and 3

induced by TFP reflect on ATP release from the cata-

lytic site induced by excess nucleotides. The results

2 Abbrevi : EDTA, cthy! di acid: MES,
2(N-morpholinolethanesulfonic acid; TFP, wrifluoperazine; Tris,
tris[hydroxymethyl]nminomelhanc.
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show that although TFP affects the rates of steps 2
and 3, the release of bound [y**PJATP induced by
medium nucleotides was not affected. This indicates
that impairements in the release of one of the species
(Pi) do not necessarily accompany modifications in the
release of ATP, even though both share the same site.

MATERIALS AND METHODS

All nonradioactive chemicals were from Sigma;
3?pj was purchased from NEN and used without further
purification for the preparation of [v*?PJATP according
to Glynn and Chappell (1964). Soluble F, was prepared
from bovine heart mitochondria as described elsewhere
(Tuena de Gémez-Puyou and Gémez-Puyou, 1977);
its ATPase activity at 24°C was 60-80 pmol per min
per mg as measured spectrophotometrically at pH 8.0
(Garcia et al., 1995). F, was stored at 4°C in a 50%
ammonium sulfate suspension that contained 4 mM
ATP and 2 mM EDTA, pH 7.4. Before use, the suspen-
sion was centrifuged and the pellet dissolved at a con-
centration of S mg per ml in 40 mM MES/Tris, 3 mM
Mg-acetate, and 1 mM KH.PO,, pH 8.0; the dissolved
enzyme was passed by centrifugation through Sepha-
dex G-S0 columns (Grubmeyer and Penefsky, 1981)
equilibrated with the same buffer. Protein in the eluate
was determined according to Lowry ef al., (1951) using
bovine serum albumin as standard. TFP was freshly
prepared for each experiment; its concentration was
calculated using a molecular extinction coefficient of
log € = 4.5 at 258 and nm (Post er al., 1980).

Unisite ATP Hydrolysis

“The standard buffer used in all unisite reactions
contained 40 mM MES/Tris, 3 mM magnesium acetate,
and 1 mM KH-PO; adjusted to pH 8.0 with KOH. F,,
(v?PIATP (12 X 10° cpmv/nmol), TFP, and other
reactants added during unisite hydrolysis were dis-
solved in this standard buffer. Unisite hydrolysis was
started by mixing 100 pl of 2 1M F; with 100 pl of
0.6 .M [y**P]JATP. At a ratio of 0.3 ATP/F, only the
high-affinity hydrolytic site is filled (Grubmeyer et al.,
1982; Penefsky, 1988). In studies with TFP, this was
added at the desired concentration in both the buffer
and enzyme solutions. At various times, the reaction
was arrested by mixing with 0.3 ml 8.3% trichloroace-
tic acid. When the transition of unisite to multisite
hydrolysis was studied, Mg-ATP or Mg-ADP (5 mM
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final concentration) was added to the unisite reaction
mixture (cold chase), and at various times, the reaction
was arrested with trichloroacetic acid (5% final con-
centration). The final volume of the arrested samples
was 0.5 or 1.0 ml; to these 0.5 m! of 3.3% ammonium
molybdate dissolved in 3.75 N H>SO, and 0.2 ml of
acetone were added. The resulting phosphomolybdate

' Sephadex columns and received in SDS fon: determina-

tion of protein, total radioactivity, and its distribution
into 3P and [y*?P]JATP as described above. The
decrease in the amount of 32Pi bound to F, in the second
eluates was used to calculate the rate of *2Pj release.

complex was extracted with 1 m! of butyl ac
the organic phase was discarded and the extraction
repeated two more times. From the radioactivity of the
aqueous phase the amount of [y*?P]JATP that remained
was calculated.

Binding of [y*?PIATP and 3?Pi to F; during
Unisite Hydrolysis

‘To this purpose, 55 or 110 pl of soluble F, (2—4
nM) was mixed with equal volumes of [v*2P]ATP
(0.6-1.2 pM, respectively). At the desired times, the
mixture was passed by centrifugation (1.5 min)
through Scphadex G-50 columns equilibrated with the
unisite buffer without ATP; when the effect of TFP
was explored, the equilibrating buffer also contained
TFP. The eluates were received in 100 pul of 10% SDS.
An aliquot was used to measure protein, and the rest
divided into two portions. One was used to determine
total radioactivity (3?Pi + [y*2P]JATP) bound to F,; the
other was extracted three times with butyl acetate after
formation of the phosphomolybdate complex as
described above. The radioactivity of the remaining
aqueous phase was used to calculate the amount of
bound {¥*?P)JATP; from the difference of the total
radioactivity and that of [y*?P]JATP, the amount of
32pj bound to F, was calculated. The eluate of buffer
without F; contained 1-2% of the total radioactivity
introduced.

Rate Constant of *>2Pi Release

This was determined by incubation of 100 ul
mixtures of [y*°’P]JATP with F; under unisite conditions
with and without TFP. After 20 s the mixtures were
passed through Sephadex centrifugation columns and
the eluate received in 0.1 ml of 10% SDS (time zero
in the experiments). Identical samples of the unisite
mixtures were also passed through the centrifuge col-
umns; these eluates were received in empty tubes. At
the indicated times (see Results section), the latter
eluates were again passed by centrifugation through

Rel of B d [y*’P]ATP after a Cold Chase
This was determined by incubating F, with
[v**PJATP under unisite conditions, followed by the
addition of 5 mM ADP, 10 mM glucose, and 1
mg/ml of hexokinase (360 units). After 5 min, the
reaction was arrested with HCI1 1.3 N final concentra-
tion. The samples were placed in boiling water at 90—
93°C for 30 min in order to hydrolyze the existing
[¥**P]ATP. Thereafter, the samples were extracted with
butyl acetate after formation of the phosphomolybdate
complex (sec above). The radioactivity that remained
in the aqueous phase after the heat treatment ([32P)glu-
cose-6-phosphate) was considered to correspond to
[v*2P]ATP that became accessible to hexokinase in the
cold chase. Control experiments showed that after heat

- treatment, less than 1% of [y**P]JATP remained and

that at least 98% [32P)glucose-6-phosphate was heat
resistant. Other control experiments showed that all
[v*?P]ATP added to a mixture that contained hexoki-
nase and glucose (with and without F,) was trapped
as [*?P]glucose-6-phosphate and that S mM MgADP
did not interfere with hexokinase. .

RESULTS

Atsaturating concentrations of AT P, TFP modifies
the kinetics of the ATPase activity of F,. It diminishes
the V., by approximately 70%, whereas the K, for Mg-
ATP is increased from 0.1 to 0.2 mM (Garcia et al.,
1995). In consequence, TFP- diminishes V,,./K.
by about twofold. To probe into the mechanisms that
lead to an enzyme that works with 50% efficiency, the
effect of TFP on unisite ATP hydrolysis was deter-
mined. Figure 1 shows the hydrolysis of 0.3 uM
[v*PJATP by 1 pM F,, with and without TFP. In a
time course, an initial rapid burst of hydrolysis was
followed by a slower rate of ATP breakdown. The
initial burst reflects the velocity of binding of ATP to
the catalytic site and the establishment of an equilib-
rium between hydrolysis and synthesis of bound
[v**P)ATP. The slower phase is a state in which 3°Pi
is produced and slowly released into the media (Grub-
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Fig. 1. Unisite hydrolysis of [y**P]ATP by F,. Effect of TFP. Unisite
hydrolysis was measured as described under Materials and Methods.
At zero time, 100 pul of 2 uM F; was mixed with 100 ul of 0.6
uM [y ?PIATP. Where indicated, the mixtures contained 100 uM
TFP. At the times shown, the reaction was stopped with 5% trichlo-
roacetic acid final concentration and diluted to a volume of 0.5 ml.
After extracting 2*Pi, the amount of remaining [v**P]JATP was
determined.

meyer ef al., 1982); this was inhibited by TFP by 38%
(average of five identical experiments *: 8.3).

Distribution of bound ATP and Pi at the
Catalytic Site

The decrease in the rate of unisite [y3?P]JATP
hydrolysis induced by TFP suggested that in its pres-
ence the amount of ATP that bound to F, was lower, or
that TFP hindered the breakdown of bound [y?*?P]ATP.
Therefore, F, was incubated under conditions for uni-
site hydrolysis with and without TFP, and at different
times, the mixtures were passed by centrifugation
through Sephadex columns. Analysis of the eluate
showed that in both cases, most of the radioactivity
introduced (0.3 mol/mol F,) had bound to the enzyme
(Figs. 2 and 3). Hence, TFP did not interfere with
ATP binding. However, when the distribution of the
radioactive label into 32Pi and [y**PJATP was deter-
mined, a significant difference between the two sam-
ples became apparent. TFP shifted the distribution of
32p between [y*?P]JATP and [32?P]Pi bound towards
[v**P]JATP. The shift to a higher ATP/Pi ratio at the

- catalytic site could be observed at concentrations of
TFP as low as S uM (Fig. 3). This shift was likely
due to the binding of TFP to a high-affinity site of F,
since with S uM TFP, the ratio of TFP/F, was 2.5.

Garcfa, Gémez-Puyou, and Gémez-Puyou

Release of *Pi From the Catalytic Site

Under unisite conditions, there is continuous syn-
thesis and hydrolysis of ATP at the catalytic site (Hack-
ney and Boyer, 1978; Kayalar er al., 1977). Thus, it
was studied if the change induced by TFP on the ratio
of ATP/Pi at the catalytic site was related to the rate
at which Pi is released from the enzyme into the media.
Accordingly, F, was incubated under unisite conditions
with and without TFP for 20 s and thereafter passed
through Sephadex centrifugation columns; F, in the
eluate contained [y3*P]ATP and *?Pi (Fig. 4). In order
to determine the rate of Pi release, aliquots of identical
eluates were filtered again at different times through
Sephadex columns. In accordance with the reported
value of 3 X 1073 s~! (Grubmeyer et al., 1982), the
rate constant of Pi release in control F, was 3.1 X
1073 s—}; with TFP, this decreased to 1.7 X 1073 s~!
(an inhibition of 45%). In both cases, the data fitted
a first-order equation (Fig. 4). The reason why this
decrease is slightly (7%) higher than the inhibition of
unisite hydrolysis by TFP (see above) is not clear.

Transition of Unisite to Multisite Catalysis

One of the most notable features of F,-ATPase
is its strong positive cooperativity (Grubmeyer anc
Penefsky, 1981; Cross et al., 1982; Hackney and Boyer
1978; O’Necal and Boyer, 1984). In fact, the additior
of high concentrations of ATP to F, catalyzing unisits
hydrolysis increases 30 times the rate of hydrolysi
at the catalytic site, whereas that of product releas:
increases by a factor of 10° (Cross et al., 1982; Cun
ningham and Cross, 1988; Penefsky and Cross, 1991;
In consonance with these data, Fig. S shows that th
addition of saturating ATP concentrations to F; undes
going unisite catalysis produced a rapid breakdow
of the bound [y>?P]ATP. However, not all the boun
[v*?P)ATP was hydrolyzed after introduction of exce:
ATP. After the hydrolytic burst (one second after tt
addition of excess ATP), about 30% of the [y*?P)AT
introduced at the beginning of the experiment was n
hydrolyzed. In TFP-treated F,, the cold chase al:
produced a burst of hydrolysis; however, in this cas
the sum of {y**P]ATP hydrolyzed during unisite hydr
lysis and the hydrolysis attained in the first secos
after the cold chase was lower than in control F,. T
data of Fig. 5 also show that with or without TFP, t
rapid burst of hydrolysis induced by excess ATP w»
followed by a slower rate of hydrolysis of [y**P]Al
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Fig. 2. Amount of [¥*?P]JATP and 3?Pi bound to F, under unisite conditions. Effect of TFP. .
Unisite hydrolysis was started by mixing 55 pl of 2 pM F, with $S pl of 0.6 pM [y>*P)ATP.

At the indicated times, 100 p) of the mixture was passed through centrifuge columns. The
cluates were received in 100 ul 10% SDS and the amount of protein, 3*Pi, and [y**P)JATP was
determined as described under Materials and Mcthods. The left and right panels show experi-
ments without and with 100 pM TFP, respectively. (0,0) total 2P ([y*PJATP + ?Pj), (8,0)
32pj, and (&.A) [v*?P)ATP bound at the catalytic site.
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Fig. 3. Effect of different concentrations of TFP on the [v**PIATP
to 3?Pi ratio at the catalytic site of F, undergoing unisite hydrolysis.
Unisite hydrolysis was started by mixing 110 pl of 4 uM F, with
110 pt of 1.2 uM [¥**PJATP that contained the indicated finat
concenlrallons of TFP. Ten seconds Ialer. 100-u1l samples were

had ing the same concentra-

tion of TFP and the eluate was received in 100 ul 10% SDS. In
the latter, the amount of prolcin, total 3P (@), [y**PJATP (©).
and 2P; (&) were determined; (8) ratio of 2Py/(y**P]JATP at the
catalytic site.
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Fig. 4. Rate of Pi release from F, catalyzing unisite hydrolysls of
[v**P)ATP. Effect of TFP. Unisite hydrolysis was initiated by mixing
110 ul 4 uM F, with 110 ! of 1.2 uM [y*’PJATP. with and
without 100 pM TFP. The experimental details are described under
Materials and Methods. At time zero, the samples without and with
TFP contained 0.15 and 0.025 nmol of **Pi per nmot of F,. The
Ioganlhm of the fraction of bound 3*Pi remaining at different times
is plotted against time. From the slope of the decrease in the amounl
of 3?Pi bound to F,, the first-order rate were calcul;

The values obtained were 3.1 X 1072 s~ and 1.7 X 1073 s~! for
the control and the TFP treated samples, respectively.
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Fig. S. T from unisite to ltisite hydrolysis. Effect of
TFP. Unisite hydrolysis was measured as in Fig. 1 (2 oM F, and
0.6 uM [¥**PJATP) and was allowed to proceed for 25 s: at this
time 100 1l of 15 mM Mg-ATP was added to give a final 5§ mM
concentration of Mg-ATP in the cold chase. At the times indicated
the reaction was amrested with trichloroacetic acid. *?Pi was
extracted as described and the amount of [y**P]JATP remaining was
determined. The results show the percent of total [y*PJATP

hydrolyzed.

These results suggested that the portion of the bound
[¥**P]ATP that was not hydrolyzed in 1 s after the
cold chase was released and mixed with medium ATP,
which thereafter underwent hydrolysis. In the presence
of TFP, the rate of [y*2P]ATP hydrolysis that followed
the hydrolytic burst was lower than in control F,, as
expected from the inhibiting effect of TFP on ATP
hydrolysis at saturating substrate concentrations (de
Meis et al., 1988; Garcia et al., 1995).

Hydrolysis and Release of [y*?P]JATP Bound
under Unisite Conditions

The possibility that in a cold chase a portion of
the [y*?P)JATP bound at the catalytic site could be
released into the medium and mixed with cold nucleo-
tides was directly determined. In F, loaded with
[¥*PJATP under unisite conditions, the introduction
of millimolar concentrations of ADP (similarly to ATP)
induces a burst of hydrolysis of previously bound
[v*?*P)JATP (Grubmeyer and Penefsky, 1981). Hence,
excess ADP together with hexokinase plus glucose
was added to F,; undergoing unisite hydrolysis of
[v*?PJATP. As the activity of hexokinase introduced
was in a tenfold excess over the hydrolytic activity of
Fi. most of the [y*?P]ATP released from the enzyme
upon the addition of ADP would be trapped by hexoki-
nase, yielding [*?P]glucose-6-phosphate.

Garcfa, Gé6mez-Puyou, and Gémez-Puyou

Under unisite conditions, only about 2% of the
total [y*?*P]JATP that had been introduced was accessi-
ble to hexokinase (Fig. 6). At this state, the addition
of ADP + hexokinase produced a burst of hydrolysis
of about 20% of the enzyme bound [y>?P]ATP; the rest
was found as [*?P]glucose-6-phosphate. Thus, upon the
addition of ADP, close to 30% of the bound [y*?P]ATP
became accessible to hexokinase, which indicates that
this fraction of the previously bound [y**P]JATP had
the capacity to be released into the medium when
excess ADP is added. A release of [y*?P]ATP of similar
magnitude was observed in the presence of TFP.

In order to further discard the possibility that any
free [y?P]JATP could contribute to the formation of
[*?P]glucose-6-phosphate induced by ADP (Fig. 6), a
control experiment was made in which previous to the
addition of excess ADP (* glucose-hexokinase), F,
(1 M) was mixed with 0.3 uM [y**P)JATP and 1S s
later the mixture was filtered through Sephadex col-
umns. Ten seconds after filtration, the eluted enzyme
retained almost half of added [y*?P]ATP (0.142 mol/
mol F)). Of this bound nucleotide, 70% (0.1 mol/mol
F\)) was hydrolyzed in 2 s after adding excess MgADP;
309% (0.042 mol/mol F)) was released by MgADP and
trapped by hexokinase-glucose, and 3% (0.004 mol/
mol F) was accessible to hexokinase in the absence of
MgADP. Thus, as observed with the unfiltered enzyme
(Fig. 6), the fraction of [y*?P]JATP not committed tc
rapid hydrolysis was also trapped by hexokinase ir
filtered F, undergoing unisite hydrolysis.

The overall results of Figure 6 show that the
fraction of [y*2P]ATP that underwent hydrolysis nearly
equalled the fraction that is released by medium nucle
otides. This indicates that notwithstanding the presenc:
of TFP, the rate of [y*°P]ATP release was as fast a
that of the splitting reaction (approximately 300 s’
see Penefsky, 1988). However, it is pointed out tha
in the presence of TFP, after 2 s of applying a col
chase with cither ADP or ATP, about 15% of enzym
bound [y*?P]JATP was not hydrolyzed, and not release
into the media (Fig. 7). Nonetheless, this [y*?P]AT
was at a catalytic site as illustrated by the followin
experiment. To F,; catalyzing unisite hydrolysis ¢
{¥**PJATP for 25 s in the presence of TFP, an AT
chase was applied; at 35 s the samples were filtere
through Sephadex columns as in Fig. 7. A sample th:
was received in SDS had 0.025 nmol ATP per nmy
F,. Identical samples were received in empty tubt
and quenched with SDS; after 5 min the ATP conte
decreased to 0.003 nmol per F,; after 15 min, no AT

was detected. The failure of a fraction of previous
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Fig. 6. Hydralysis and release of [y*?P]JATP bound to F, under unisite
conditions after a cold chase. Effect of TFP. F, was incubated under unisite
conditions (6 uM F, and 1.8 uM [y**PJATP). After 2S s, the reaction was
cither quenched with HCI (1.3 N, final ration), or
with 15 mM MgATP or 15 mM MgADP (5 mM fina! concemrauons) as
indicated. After 2 s the reaction was stopped with HCI; alterwards, the
amount of remaining [y**P}ATP was determined (open bars). In scpara!c

1 after 25 ds of hydrolysis, the uni e was suppl

mented with S mM MgADP, 30 mM glucose, and 350 units per ml of

hexokinase (HK) (final concentrations); after 5 min the reaction was
quenched with HCL. The amount of {y*?PJATP that remained and [**Pjghu-
cose-6-phosphate formed (filled bars) was determined as described under
Materials and Methods. The first two bars (left side) show the amount of
IY*PJATP hydrolyzed at 25 s of bati Where indi d, the mixiures
contained 100 uM TFP throughout the various treatmnents. Note that after
a cold chase with Mg-ADP + hexokinase, the totality of the radioactivity
was accounted for, either as [y*PJATP or {**P} glucose-6-phosphate,
whereas in the presence of TFP, 15% {y**PJATP was not hydrolyzed, nor
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trapped by hexokinase.

bound ATP to undergo rselease or hydrolysis after
repeated turnovers after a cold chase suggests that TFP
-produces a heterogeneity of hydrolytic sites. Func-
tional and structural heterogeneity of catalytic sites
has been reported (Melese and Boyer, 1985; Beltrian
eral., 1988; Bullough eral., 1987; Fromme and Griiber,
1989; Matsuno-Yagi and Hatefi, 1990; Bragg and Hou,
1990; Shapiro and McCarty, 1990; Abrahams er al..
1994). It is also evident that in the presence of TFP.
the site that retains and slowly hydrolyzes bound
{¥*>PJATP exhibits a high affinity for ATP, otherwise
it would have been released into the media.

DISCUSSION
In confinmation of reported data (Grubmeyer and

A
Penefsky, 1981; Grubmeyer et al., 1982; Cross et al.,
1982; Penefsky, 1988), it was observed that at concen-

concentrations, ATP

trations of ATP lower than F,
rapidly binds to the enzyme and thereafter undergoes

slow hydrolysis; in this state, excess ATP produces a
rapid cleavage of a 70—-80% portion of enzyme-bound
{¥*?P]JATP as the consequence of an enhancement in
its rate of hydrolysis and an increase in the rate of
product release (Grubmeyer er al., 1982; Cross et al.,
1982; Penefsky, 1985, 1988; Souid and Penefsky, 1995
and Fig. 5); Penefsky (1988) suggested that the 20—
30% portion of [y*PJATP that is not rapidly
hydrolyzed was due to enzyme heterogeneity. How-
ever, in the present experiments we observed that in
the transition of uni- to multisite hydrolysis, a fraction
of approximately 309 of the bound [v*’PJATP is
released into the media. This illustrates that upon addi-
tion of excess ADP or ATP. [v**P]JATP bound at the
catalytic site under unisite conditions can follow two
pathways, i.e., hydrolysis or release. This indicates
that the reported unisite rates of ATP binding and
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Fig. 6. Hydrolysis and rclease of [¥*?P]ATP bound to F, under unisite
conditions after a cold chase, Effect of TFP. F, was incubated under unisite
conditions (6 oM F, and 1.8 uM [y**P]ATP). Aﬁcr 25 s, the lcacuon was
either quenched with HCI (1.3 N, final ), or
- with 15 mM MgATP or 15 mM MgADP (5 mM final conccmrauons) as
indicated. After 2 s the redction was stopped with HCI; afterwards, the
amount of remaining [y**P]JATP was determined (open bars). In scparate
1 after 25 ds of hydrolysis, the unisite mixture was supple-
mented with 5 mM MgADP, 30 mM glucose, and 350 units per ml of
hexokinase (HK) (final concentrations); after 5 min the reaction was
. quenched with HCL. The amount of [y**P)ATP that remained and {*?P)glu-
- . cose-6-phosphate forined (filled bars) was determined as described under
Materials and Methods. The first two bars (left side) show the amount of
(v*PJATP hydrolyzed at 25 s of incubation. Where indi d, the mixtures
contained 100 uM TFP throughout the various trcatments. Note that after
a cold chase with Mg-ADP + hexokinase, the totality of the radioactivity
was accounted for, either as [v*°PJATP or [**P] glucose-6-phosphate,
whereas in the presence of TFP, 15% [v¥PJATP was not hydrotyzed, nor
trapped by hexokinase.

bound ATP to undergo release or hydrolysis after trations of ATP lower than F, concentrations, ATP
repeated tumovers after a cold chase suggests that TFP rapidly binds to the enzyme and thereafter undergoes
-produces a heterogeneity of hydrolytic sites. Func- slow hydrolysis; in this state, excess ATP produces a
tional! and structural heterogeneity of catalytic sites rapid cleavage of a 70—-80% portion of enzyme-bound
has been reported (Melese and Boyer, 1985; Beltrin [v**P]ATP as the consequence of an enhancement in
etal., 1988; Bullough et al., 1987; Fromme and Griiber, its rate of hydrolysis and an increase in the rate of
1989; Matsuno-Yagi and Hatefi, 1990; Bragg and Hou, product release (Grubmeyer e¢ al., 1982; Cross et al.,
1990; Shapiro and McCarty, 1990; Abrahams et al.. 1982; Penefsky, 1985, 1988; Souid and Penefsky, 1995
1994). It is also evident that in the presence of TFP, and Fig. 5); Penefsky (1988) suggested that the 20—
the site that retains and slowly hydrolyzes bound 30% portion of [y*’PJATP that is not rapidly
[v**P)ATP exhibits a high affinity for ATP, otherwise hydrolyzed was due to enzyme heterogeneity. How-
it would have been released into the media. ever, in the present experiments we observed that in

the transition of uni- to multisite hydrolysis, a fraction
of approximately 30% of the bound [y*?PJATP is

DISCUSSION released into the media. This illustrates that upon addi-
tion of excess ADP or ATP, [¥**P]ATP bound at the
In confirmation of reported data (Grubmeyer and catalytic site under unisite conditions can follow two

Penefsky, 1981; Grubmeyer et al., 1982; Cross et al., pathways, i.e.. hydrolysis or release. This indicates
1982; Penefsky, 1988), it was observed that at concen- that the reported unisite rates of ATP binding and
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Fig. 7. Amount of [y**P]JATP bound and **Pi bound to F, after
acceleration of unisite hydrolysis by cold chases. F, (50 pl, 6
#M) was mixed with [y>*PJATP (SO ul, 1.8 uM) to start unisite
hydrolysis. After 25 s, 100 ul of unisite buffer (no chase), 10
mM MgATP, or 10 mM MgADP were added to give S mM final

i of cold leotid At the times shown, samples
were filtered through centrifuge columns, and the amount of
{v*?P]ATP, 32Pj, and protein eluted from the columns were measured
as described in Figs. 2—4 and in Materials and Methods. The upper
panel shows the total radioactivity bound to F,, the middle panct
shows the amount of [¥**PJATP, and the lower pancl the amount
of *?Pi. Control experiments are shown in white bars, and the
experiments made in the presence of 100 uM TFP in shaded bars.

hydrolysis in F, would be slightly underestimated,
since these values have been calculated assuming that
none of the bound [y3?P]ATP is released into the media.
In fact, in particulate F,, Suoid and Penefsky (1995)
found a value of 2.3 X 105 M~! s~! for ATP binding
measured by the cold chase technique which increased
to 8 X 10° M~! s~! when measured with a hexokinase
trap. It is important to mention that a release of bound
[v3*2P]JATP under unisite conditions induced by excess
ATP has been previously detected by a hexokinase
trap; this release was observed in a mutant of F, from
E. coli (B-M209]) in which the unisite hydrolysis and
the transition from unisite to multisite catalysis are
impaired. This mutant was thought to promote the
release of bound [y3*?P]JATP by the binding of medium
ATP at a second or third catalytic site (Al-Shawi er

al., 1989).

Garcfa, Gémez-Puyou, and Gémez-Puyou

This work also probed the mechanisms through
which TFP (de Meis et al., 1988; Garcfa et al., 1995),
similarly to other amphipatic cations (Palatini, 1982;
Adade et al.,, 1984; Chazotie et al.,, 1982; Laikind
and Allison, 1983; Bullough er al.,, 1989), produces
a partial inhibition of ATP hydrolysis at saturating
substrate concentrations. It was found that unisite
catalysis was partially inhibited by TFP, and that TFP
diminished the rate of Pi rel during unisite cataly-
sis. As the inhibiting effect of TFP on ATP synthesis,
and hydrolysis at saturating ADP or ATP concentra-
tions is prevented by Pi in 2 competitive form (de Meis
et al., 1988; Garcia er al., 1995), it is likely that TFP
acts by hindering the movements of Pi to and from .
the catalytic site. Rosing ef al. (1977) and Al-Shawi
et al. (1990) showed that the partition of Pi from the
media into the catalytic site requires a fairly large
cnergy input, which implics that the release of Pi from
the catalytic site is energetically favorable. Therefore,
it is likely that TFP acts by imposing kinetic impaire~
ments to the partition of Pi between the media and the
catalytic site. This alteration could account for the
inhibition of ATP hydrolysis induced by TFP; however,
it is noted that TFP also increases the ratio of ATP/Pi
bound to the high-affinity catalytic site of F,, and
induces a heterogeneity of the catalytic sites, which
may also contribute to its inhibiting effect on ATP
hydrolysis. In other conditions, heterogeneity of cata-
lytic sites has also been observed (Bullough et al,
1987; Vizquez-Laslop and Dreyfus, 1990; Murataliev
and Boyer, 1994). An increase in the ATP/Pi ratios at
the catalytic site during unisite conditions was also
observed by Al-Shawi er al. (1989) in mutants of the
B from E. coli in which amino acids located at or
near the catalytic site were substituted by less polar
residues. Thus, as previously suggested (de Meis er
al., 1988; de Meis, 1989), it is possible that TFP
increases the hydrophobicity of the catalytic site,
thereby shifting the equilibrium between ATP and ADP
+ Pi.
Taken together, the data of this work show (i)
that in the transition of unisite to multisite hydrolysis,
a fraction of the previously bound ATP is released by
medium nucleotides, and (ii) that in unisite conditions,
TFP imposes hindrances_in Pi release and increases
the ratio of ATP/Pi at the catalytic site. Hence, it was
asked if the change in ATP/Pi ratio and the hindrances
in Pi relecase run in parallel to modifications of ATF
release from the catalytic site induced by excess ade-
nine nucleotides. The results showed that the amoun
of bound [y3?P]ATP that is released by medium nucleo
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tides, as well as the initial entrance of [y*?P)ATP into
the catalytic site, were ncarly of the same extent with
and without TFP. However, the rate of Pi release was
50% lower in the presence of TFP. A similar pattern
in the effect of TFP is observed in multisite hydrolysis
and respiration-driven ATP synthesis; TFP lowers the
Vmax Of ATP hydrolysis with only a moderate increase
in the K, for ATP, whereas the inhibition of ATP
synthesis driven by electron transport is observed only
at relatively low Pi concentrations (Garcia er al., 1995).
Therefore, the results in soluble and particulate F,
indicate that TFP induces alterations in the partition
.of Pi between the media and the enzyme; however,
the results also show that these alterations do not
accompany modifications of the partition of ATP, albeit
both Pi and ATP occupy the same catalytic site. In
this respect, it is pointed out that Al-Shawi and Senior
(1992) indicated that the environment of the catalytic
site in unisite catalysis is more hydrophobic when it
is occupied with ATP than when it has ADP. Therefore,
it is possible that these differences in hydrophobicity
of the catalytic site are related to different pathways
_of partition of the two species, ATP and Pi, into and

from the catalytic site.
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- Segundo trabajo: “Acceleration of unisite catalysis of mitochondrial F,-ATPase by
ATP. ADP and pyrophosphate: hydrolysis and release of the previously bound
[Y2PIATP". Autores: José J. Garcia, Armando Gémez-Puyou, Ernesto Maldonado y
Marietta Tuena de Gémez Puyou.?

En este trabajo se determinaron algunos de los factores que pueden inducir
tanto Ia hidrélisis como la liberacién del [Y°PIATP del sitio catalitico de alta afinidad de
la F,, durante la induccién de su cooperatividad positiva. Por un iado. se encontré un
nuevo inductor alostérico de la hidrélisis unisitio de [yY“PJATP catalizeda por la F,
soluble: el PPi. Ademds, se encontré que el PPi (5 mM) no induce la reaccién de
liberacién del [y PJATP. Por otro lado, también se determiné que ¢! ATP es un inductor
tanto de la hidrélisis como de la liberacién de! [Y“PJATP unido a la F, en condiciones
unisitio. Este resultado es importante porque en el primer trabajo solamente se habia
demostrado que la liberacién era inducida por ADP. Sin embargo. e! resultado més
interesante de este trabajo fue que la hidrélisis y la liberacién del [(YZPIATP se
indujeron con diferente afinidad por un mismo nucledétido. Es decir, a concentraciones
< 10 uM, el ADP y ol ATP produjeron substanciaimente la hidrélisis de [y“PJATP, sin
inducir significativamente la liberacién de éste hacia e! medio. Para inducir ia liberacion
© 8@ Nnecesité agregar concentraciones de ADP o de ATP = 10 uM. Esto implica que la
poblacion total de moiéculas de F, que estén realizando hidrélisis unisitio de Y =2PIATP,
puede separarse en dos fracciones de moléculas al agregar un exceso de ADP o de
ATP: un 50 % de las enzimas inducen la hidrélisis det! [Y**PIATP a mayor velocided que
su liberacién, con una mayor afinidad aparente por los nucleétidos; y otro 50 % de
enzimas que inducen |a liberacién del substrato a mayor velocidad que su hidrélisis.

2 Este rabsjo esté en Proceso de revision, y se comenzé en i0s laboratorios de ios Dres. M. Tuena de
Gomez Puyou y A. Gomez Puyou, en el Instituto de Fisiologia Celular de ia UNAM. Un 80 % restante del
trabajo experimental se continud y se concluyd en el Departamento de Bioquimica de! Instituto Nacional

de Cardiologia, en el Isboratorio del presente tesista.
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DISCUSION Y PERSPECTIVAS

Son varias las aportaciones que se desprenden de (0s resuitados anteriores. A
conticuacién se discutirdn por separado los efectos de la TFP en |a catélsis unisitio de
ia F,, y la liberacion del [yY*’PJATP inducida por ADP y ATP.

Mecanismo de accién de /a TFP como inhibidor de Ia F.-ATPasa.

En el primer trabasjo de esta tesis, se encontré en cuidles pasos del ciclo
catalitico unisitio de la F, soluble es en donde actua la TFP como un inhibidor parcial.
Este o3 un avance importante para el entendimiento del mecanismo de inhibicion de los
cationes anfipidticos, dado que no se habian reportado estudios similares con otros
inhibidores de este tipo. Los dos pasos cataliticos que disminuyd la TFP fueron el
equilibrio *Pi/[yY?PJATP unidos a la enzima, y ia velocidad de liberacién de Pi. En
comparacion con los efectos de (a TFP en la catdlisis multisitio, se puede sefialar que
el efecto en el cociente *Pi/[y*PJATP se obtuvo a concentraciones muy bajas de TFP
(desde S uM). Sin embargo,. Ia inhibicén de |la catdlisis multisitio se obtiene de manera
significativa a concentraciones de TFP maycres a 5 uM (Garcia et a/., 1995). Por lo
tanto, el efecto de la TFP en ia velocidad de salida del Pi parece ser el més importante
para inhibir tanto !a catdlisis unisitio como la hidrolsis multisitio de ATP. Esta
interpretacién concuerda con el hecho de que la inhibicidon de la hidréisis multisitio de
ila F, soluble se revierte con Pi (de Meis et a/.,, 1988). Ademids, se sabe que en la
sintesis de ATP catalizada por el complejo F.F:, el efecto de la TFP es competitivo con
Pi (Garcia et al., 1995). En resumen, hay varias semejanzas que se pueden sefalar
entre la inhibicién por TFP de la hidrélisis unisitio y multisitio catalizadas por la F,-
ATPasa: 1) inhibicién parcial de la actividad; 2) efecto no competitivo con ATP; y 3)
efecto en Ila particién de! Pi hacia y desde los sitios cataliticos de (a F,. Estas
semejanzas sugieren fuertemente que la TFP afectas de manera parcial a |0s tres sitios
cataliticos de la F, soluble, disminuyendo |a velocidad de salida del Pi durante |a
hidrélisis, y |a locidad de entrada de Pi durante la sintesis de ATP. Ademas, los
datos también sugieren que la TFP induce una ligera disminucién en la comunicacion
alostérica de los sitios cataliticos de la enzima.
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Los efectos de varios cationes afipiticos y anestésicos locales, como la TFP, en
la actividad de la F, suelen tener caracteristicas similares. Entre estas similitudes se
hallan las siguientes: inhibicién parcial no competitiva con ATP, sensibilidad al Mg, Ki
on el intervalo uM, sensibilidad al pH y dependencia respecto a |a hidrofobicidad de!
inhibidor (Vanderkooi et a/., 1981;Chazotte ef a/., 1982; Palatini, 1982; Adade et a/.,
1984; de Meis ef a/., 1988; Garcia et a/., 1995). Con base en estas propisdades
comunes, se puede sugerir que el mecanismo por el cual la TFP inhibe a la catélisis
unisitio y multisitio de la F,, podria ser el mismo por el cual actiua el resto de los
cationes anfipéticos y anestésicos locales para inhibir la actividad de esta enzima.

Hicirdlisis y liberacién del [y°PJATP unido al sitio catalitico de alte afinided de Ia Fi,-
ATPasa inducidas por ATP, ADP y PPi. Un modelo de catdlisis rotacionsl que explica Ia
hicrSlisis y Ia liberacion.

La pregunta que surge de (o8 presentes resuitados es acerca del mecanismo por
el cual el ADP o el ATP inducen |a liberacién del [y PIATP unido al sitio catalitico de
aita afinidad de la F,. Los resulitados muestran que la hidrélisis y la liberacién del ATP
ocurre en diferentes fracciones de las moléculas de F,, y que ambas fracciones pueden
expresarse diferencialmente gracias a sus diferentes afinidades por ATP, ADP y PPi.
Sin embargo, no se constesta cuél es el mecanismo por el cual. el ADP o el ATP
inducen (a hidrdlisis o la liberacién del [Y*PIATP. Entender este mecanismo seré un
acercamiento pars entender codmo se expresa la etapa final de |a sintesis de ATP por
el complejo F.F,. Una manera de extender estos estudios a condiciones mis
fisiolégicas, es determinar cémo se induce Ia liberacién del [y“PJATP del complejo FoF,
acopliado. Algunos antecedentes muestran que tal liberacién se induce por ADP, como
se observé con la F, soluble en este trabsjo. Sin embargo la liberacién del [y2PIATP
unido al complejo FoF, inducida por ADP ocurrié de una manera estrictamente
dependiente de ia presencia de un gradiente electroquimico de protones (Souid y
Penefsky, 1995). La pregunta importante es entonces como es que esta liberacion
ocurre en la F, soluble en respuesta a la energia de unidén de los nucledtidos y en
ausencia del gradiende de protones. Es posible que algunos cambios
conformacionales (o rotacionales) que ocurren durante la induccion de la liberacién del
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[YZPIATP esten limitados cinéticamante en e! complejo FoF,, y que en la F; soluble
tales cambios puedan ocurrir sin restricciones cindticas. Sin embargo, también existe la
posibilidad de que la liberacién del [y“PIATP que se ocbservé en la F, soluble, no se
induzca de manera alostérica, sino que sea el producto de un recambio directo de! ADP

o del ATP por el [YZPIATP en el mismo sitio catalitico de alta afinidad de la enzima.
Aunque esta posibilidad no se puede descartar con los presentes resuitados, es dificil
entender c6MO s que una fraccidn de las enzimas recambiarian al [Y“PJATP en lugar
de hidrolizario. Un posibilidad que concordaria con esta interpretacion seria que la
fraccion del [y“PIATP que se libera al medio estuviera unida inicialmente a algun sitio
no-catalitico, © & una fraccién inactiva de enzimas. Sin embargo, dado que el $8-100%
de! [Y“PJATP afladido a la F, en condiciones unisitio se hidroliza en cuestion de
algunos minutos (ver los presentes resuitados), es posible assgurar que pricticamente
todo el [Y*PJATP se une a un solo sitio catalitico de alta afinidad de una poblacién de
enzimas 100% activas.

’ Por otro lado, al suponer que la liberacién del [y“PJATP de la F, inducida por
ADP o por ATP ocurre por medio de un mecanismo alostérico, podria hallarse un
mecanismo tanto de hidrdlisis como de liberacién si se toma en cuenta e! modeio de
sitios cataliticos alternantes (Boyer, 1993) en conjunto con la posible rotacién de la
subunidad y de la F, (Duncan et a/., 199S; Sabbert ef a/., 1996; Zhou et a/., 1997). Para
esto, se propone el siguients modeio de aceleracion de catdlisis bi-rotacional (Fig. 5):
1) de acuerdo con el mecanismo de cambio de unién de Boyer, de 08 tres sitios
cataliticos existentes O L y T, el sitio catalitico de alta afinidad seria el sitio T: 2) el sitio
T ocupado con [Y“PIATP en condiciones unisitio solo pusde seguir dos secuencias de
cambios conformacionales inducidas por la unién de nucleétidos exsgenos: T—»L—»0 o
T-0-—L; 3) en ! primer caso, la transicién T—L induciria una mayor hidratacién dei
sitio catalitico y esto deberia favorecer la hidrélisis del [Y°PJATP (de Meis, 1989);
mientras que la transicién L—0O induciria la liberacién de fos productos (ADP y *°Pi).
Por otro lado, la transicién T>0—-L induciria una disminucién abrupta en la afinidad
por ol [YCPIATP y su consecuente liberacién a una velocidad mayor que la de su
hidrélisis; 4) es posible que las tres conformaciones de los sitios cataliticos se

establezcan en respuesta a los diferentes contactos que mantiene la subunidad vy con
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Fig. 5. Modselo birotacional por medio del cual se podrien inducir (anio is hidrdlisis como I liberacion de (y'PIATP duranie la aceleracion
%0 la catilisie unisitio de le F-ATPasa mitocondrial. En condiciones unisiio, e siio que seria 0cupado por & [ “PIATP sevia el sitio 1. En el centro
de 13 F, s& muesira la subunidad y esquematizada con tres lineas sefisiando (as tres conformaciones de ks sitios Cataiiticos. Se propone que (a rotacin
intema de esia subunided en conira 0 a favor de las manecillas dol reloj, podria ocurir en dos fracciones de la poblacion tolal de enzimas
fepreseniadas en (as pertes superior € inferior ded esquema, respectivamenie. Es probabie que en una sola molécula de F, se puedan inducic ambos
sentidos de rolacion por la union de nuciedlidos, esio se esquemaliza con un esiado de equilibrio enire las dos posibles estados rolacionales inducidos.
Los nucledtidos (o of PPi) aftadidos podrian interaciuar con el silio L o con el sitio O, debido a esio no se precisa ef estado de ocupacion de los otros
dos Sitios catakticos. La rotacion en contra de las manecillas del reloj induciria las transiciones T-»L-0, produciendo ia hidratacion def sitio ocupado
por o [y PIATP y ta hidroiisis de ésle. La rolacion a favor de fas manecilies del rekoj induciria fas transiciones T —+0-+L, produciendo s iberacion del
[f°PIATP a una velocidad mayor a ta cust se podria hidrolizar, Otros detalles del modelo se describen en ¢ texto. ANP significa ADP 0 ATP.
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ias subunidades B de la F,, y por lo tanto, la rotecién de esta subunidad induciria
simuiténeamente los cambios de unién propuestos en el modeio de Boyer (Cross,
1994; Cross y Duncan, 1998); 4) si la subunidad y pusde rotar en dos direcciones
diferentes en la F., soluble, se obtienen las transiciones T—L-»0 o T-0-L,
respectivamente (Fig. 5). Si estas rotaciones opuestas ocurren en dos poblaciones de
diferentes de la enzima, entonces se obtiene tanto la hidrélisis como la liberacién del
[YSPIATP inducidos alostéricamente por ADP o ATP. Es posible que estas dos
poblaciones de enzima se expresen por la interacciéon de los nucledtidos exbdgenos con
dos sitios vacios de diferente afinidad, y que el PP} tenga muy baja afinidad por el sitio
que induce la liberacién del [YZPJATP (ver los resultados presentes). Si este modelo
resulta correcto, indicaria que en la F, soluble la subunidad y tiene la libertad
conformacional de rotar en ambos sentidos. Seria muy interesante analizer si esta
rotacién en dos sentidos pudiera ocurrir durante la sintesis @ hidrélisis de ATP lievada

a cabo por el complejo FoF, completo.
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ABBREVIATIONS

AMP-PNP, adenyl-5°-yl imidodiphosphate; EDTA; Ethylenediaminetetraacetic
acid; MES, 2[N-Morpholinojethanesulfonic acid; PPi, pyrophosphate; TNP-ADP, TNP-
ATP, and TNP-ITP, the 2°,3°-0-(2,4,8-trinitrophenyl) derivatives of ADP, ATP and .l'l'P;
Tris, Tris{hydroxymethyljaminomethane.
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ABSTRACT

The effect of adding ATP, ADP and pyrophosphate (PPi) on hydrolysis and
release of [y¥?PJATP bound to a high affinity catalytic site of soluble F, from bovine
heart mitochondria under unisite conditions (Grubmeyer, C., Cross. R. L. and
Penefsky, H. S. (1982) J. Biol. Chem. 257:12092-12100) was studied. In consonance:
with the previous data, it was observed that mM concentrations of ATP and ADP added
to Fy undergoing unisite catalysis. produces a marked acceleration of hydrolysis of
{y“PJATP that had been previously bound to F, at substoichiometric concentration of
[Y2PJATP to F,. PPi also produced a hydrolytic burst of a fraction of the previously
bound [yZPJATP; kinetic data suggested that for production of optimal hydro‘ly-is by
PPi of the bound [y*PIATP, two binding sites must be filled by PPi, their apparent Kd
were 27 and 240 uM. Nonetheless, the extent of the hydrolytic burst induced by Mg
PPi was lower than that induced by ADP and ATP. In F, in which PPi had prodﬁe.d a
hydrolytic burst of the bound [y*PJATP, the addition of ATP induced a second burst of
hydrolysis. By means of filtration experiments and enzyme trapping, it was also studied
if ATP, ADP and PPi produce release of the tightly bound [y“PIATP. At MM
concentrations, ATP and ADP brought about release of about 25% of the previously
bound [YZPJATP. However, at uM concentrations, ADP and ATP accelerated the
hydrolysis of the previously bound [y*PJATP, but not its release. Hence, the hydrolytic
and release reactions could be separated, indicating that th. two reactions require the
occupancy of different sites in F,. With PPi, no release of the tightly bound [(y“PJATP

3




was observed. Since release of ATP from a high affinity catalytic site of F, represents
the terminal step of oxidative phosphorylation, tﬁo data illustrate that the binding
energy of substrates to F, is critical to the ejection of ATP into the media. In fact, the
failure of PPi to induce r.loalﬂ of [y?PIATP bound to F, under unisite conditions is
probably due to its lower binding energy.
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INTRODUCTION

The FoF 1-ATPase/ATP synthase of bacteria, chloropiasts, and mitochondria is a
multisubunit enzyme complex that catalyzes the syﬁthosio of ATP from ADP and
inorganic phosphate (Pi) during oxidative or photo-phosphorylation. Catalysis takes
place in the F, portion of the complex which can be detached from the membrane as a
soluble enzyme; it exhibits a high ATPase activity (Penefsky et al.. 1980) and in
presence of eos_olvonts. such as dimethyl sulfoxide, it has the capacity to synthesize
enzyme bound ATP (Sakamoto & Tonomura, 1983; Yoshida, 1983; Sakamoto, 1984;
Gomez-Puyou, et al., 1988; Kandpal, et al., 1987; Beharry & Bragg, 1991a, 1991b,
1982) and pyrophosphate, (PPi) (Tuena de Gémez-Puyou et al., 1993, 1995). F. is
formed by five different subunits aiBsy15+e+ With the indicated stoichiometries. it has
three catalytic and three non-catalytic sites that are located in the interfases formad by
the a and p subunits (Williams and Coleman, 1982; Liben et al., 1984; Noumi et al.,
1987; Abrahams et al., 1994).

The mechanism through which the ATP synthase carries out synthesis and
hydrolysis of ATP has been extensively studied. With respect to F, function, it has
been proposed that during steady-state hydrolysis, the three catalytic sites work
through the binding change mechanism of Boyer et al. (Kayalar et al. 1977; Hackney &
Boyer, 1978; Hutton & Boyer, 1979; Boyer, 1987, 1989, 1993). This hypothesis
proposes that the catalytic sites exist in three different conformations (open, loose and
tight), and that these conformations alternate upon binding and release of substrates



and products. The alternancy of the cat.lytic‘sitet is thought to be driven by the
binding energy of the substrates and by the H+ gradient. The mode! is in line with the
crystallographic structure of bovine heart F, (Abrahams et al., 1984), and experiments
that suggest that during hydrolysis, the y subunit rotates between the core of the a and
B subunits (Duncan et ai., 1995; Sabbert et al.; 1996, Zhou et al., 1998).

Important knowledge of the kinetics (Grubmeyer & Penefsky, 1981; Grubmeyer
et al., 1982) and thermodynamics (Al-Shawi & Senior, 1988; Al-Shawi et al., 1989; Al-
Shawi et al., 1980) of the hydrolytic reaction has been obtained from the studies of
Y 2PIATP hydrolysis under unisite conditions (Grubmeyer & Penefsky, 1981;
Grubmeyer et al., 1982). In the Iatter reaction, substoichiometric concentrations of’
(Y°PJATP are incubated with Fy; this results in the binding of [y*PJATP to the high
affinity catalytic site of F,, where it is slowly hydrolyzed. At this state, the addition of
relatively high concentrations of ATP or ADP produces a burst of hydrolysis of the
bound [y*PJATP, as consequencs of a 10°-fold increase in the rate of product release
(for review see Penefsky and Cross, 1991, but see Reynafarje and Pedersen, 1997).
However, various reports show that only about 70-80 % of the bound [y2PJATP that is
bound to the high affinity catalytic site of F, is hydrolyzed in the first catalytic turnovers
of multisite activity induced by the addition of high concentrations of ATP or ADP to
mitochondrial F, undergoing unisite catalysis (Grubmeyer and Penefsky, 1981;
Grubmeyer et al., 1982; Penefsky 1988). Further studies with particulate (Souid and
Penefsky, 1995) and soluble F; (Garcia et al., 1997), showed that upon addition of
ADP, the [Y*PJATP that was not hydrolyzed was released into the media.



The release into the media of ATP bound at the high affinity catalytic site of F, is
an ond.rg.onlc reaction (Al-Shawi & Senior, 1988; Al-Shawi et al., 1990), and it is
accepted that during electron transport driven phosphorylation, its transfer into gh.
media consumes an important amount of the energy of electrochemical H* gradients. In
this context, it is relevant that Souid & Penefsky (1995) recently showed that in F, of
submitochondrial particles that had been loaded with [y*PIATP under unisite
conditions, a substantial amount of [y“PJATP was released when a H+ gradient and
ADP were applied. These data strongly suggest that the releass of Y 2PIATP that had
been bound to soluble F, under unisite conditions is part of the overall reaction that
occurs during electron transport driven ATP synthesis. Therefore, it was further
studied, how the release and the hydrolytic reactions of [y *PJATP that has boon bound
to soluble mitochondrial F, under unisite conditions are affected by ADP, ATP and PPi.
The results show that hydrolysis and release of [y“PJATP are consequence of different
events; the former is triggered by relatively low concentrations of ADP and ATP,
whereas the release of [yY“PJATP into the media requires significantly higher
concentrations. in addition, it was found that in contrast to ADP and ATP, PPi which
has a lower binding energy (Weber & Senior, 1995) induces [y¥PJATP hydrolysis, but

not the ejection of [y ?’PJATP into the media.



EXPERIMENTAL PROCEDURES
Materials.

All nonradioactive chemicals were obtained from Sigma. [Y“PJATP was
prepared according to Glynn & Chappell (1964) using [¥P]Pi obtained from New
England Nuclear; its specific activity was between 1 to 3 x 10° cpm/nmol. Soluble F,
from bovine heart mitochondria was prepared as described eisewhere (Tuena de
Gomez-Puyou & Gomez-Puyou, 1877). it was stored at 4°C as a suspension in 50 %
ammonium sulfa_u. 4 mM ATP and 2 mM EDTA, pH 7.4. Before sach experiment an
aliquot of the enzyme suspension was centrifuged and the precipitate dissoived in 40
mM MES/T ﬁs. 3 MM Mg-acetate and 1 mM KH.PO,, pH 8.0. Thereafter, it was passed
by centrifugation trough Sephadex G-50 columns that had been .quilibr.toi:l in the
same buffer. Protein was determined in the sluate according to Lowry et al. (1951).

. Methods

Promotion of Unisite [y“PJATP Hydrolysis by F,-ATPase.

in the standard method for measuring unisite [y>?PJATP hydrolysis, 50 pl of 2 UM
F+ dissolved in 40 mM MES/Tris, 3 mM Mg-acetate and 1 mM Pi, pH 8.0, was mixed
with 50 ul of the same buffer that in addition contained 0.6 uM [y*PJATP. At various
times, the reaction was arrested with trichloroacetic acid (8 %, final concentration) in a
final volume of 0.5 mi. To the latter mixture, 0.5 mi of 3.3 % ammonium molybdate in
3.75 N H.SO, was added and the phosphomolybdate complex was extracted three
times with 1 ml of butyl acetate. The radioactivity that remained in the aquecus phase



(Y °PJATP) was determined; from this value the amount of [yY*PJATP hydrolyzed was
calculated.

To determine the effect of ATP, ADP and PPi on hydrolysis of PPIATP that
had been bound under unisite conditions., 100 ul of the mixture in which Fy had been
undergoing unisite [y’PJATP hydrolysis was mixed with 350 pl of the standard buffer
that also had the indicated concentrations of Mg-ATP, MgADP, and Mg-PPi. At the
desired times, the reaction was stopped with 6% trichloroae._tic acid, and the amount
of [y PATP that remained after the various treatments was determined as described
above.

To examine if ADP or PPi induced the release of [y“PJATP bound to F, under
unisite conditions, the standard unisite mixture was supplemented with 350 p! ‘thnt had
the desired concentrations of ADP or PPi in 40 mM MES/Tris, 3 mM Mg-acetate, and 1
mM Pi, pH 8.0; this mixture also contained 25 units of hexokinase and 10 mM glucose.
The activity of hexokinase was in 10-fold excess over the multisite hydrolytic activity of
F,._ in contro! samples, only the buffer plus hexokinase and glucose were added. The
reactions were arrested 30 seconds after the addition of the hexokinase mixture with
HCI (1.3 N, final concentration). To determine the amount of [yY*PJATP transformed
into [**Plglucose-8-phosphate (Penefsky, 1985), the HCI mixture was placed in boiling
water for 15 min. After cooling to room temperature, 22Pi was extracted as described
above and‘ the radiocactivity that remained in the aqueous phase was considered to
correspond to [¥Plglucose-8-phosphate i.e [y*PJATP that had been become accesible
to hexokinase. Controls in each experiment showed that close to 100 % (98-89 %) of

9



(r¥PJATP was hydrolyzed and that the amount of [**P]glucose-6-phosphate was not
affected by the heat treatment. Additional controls in these experiments showed that
when [Y“PJATP was added to a mixture of hexokinase and Fi, all the [y“PJATP was
transformed into [ZP]glucose-8-phosphate, and also that the presence of PPi did not

affect the activity of hexokinase.

Measurements of [Y“PJATP and [¥PJPi Bound to F,
To determine the amount of Y2PIATP and [¥P]Pi bound to F,, 100 ul of the

indicated reaction mixtures were passed by centrifugation through columns of
Sephadex G-50 (Penefsky, 1977) that had been equilibrated with the mixture in which
the reaction was carried out (except for [y**PJATP). The eluates (approx 100 ul) were

received in 100 ul 10 % sodium dodecy! sulfate. In the eluates, protein, [y*PJATP and

[2P]Pi were determined as described before.

10
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RESULTS

Effect of PPi on the Acceleration of Unisite [y~ PJATP Hydrolysis.

It has been shown that PPi estimuiates the mulljsite ATPase activity of F,
(Kalashnikova et a!l., 1988; Jauit & Allison, 1993; Jauit et al., 1984). Therefore, it was
asked if PPi, similarly to ATP and ADP (Grubmeyer & Penefsky, 1981), accelerates
hydrolysis of [y ’PJATP bound under unisite conditions. Accordingly, 1 uM F, was
incubated with 0.3 uM [Y**PJATP for 25 seconds; in this time essentially all [y*PJATP
had been bound to the high affinity catalytic site F,, and lied in equilibrium with 3Pi
and ADP at the catalytic site (Cross et al.,, 1982). At this state, 5 mM ATP or PPi was
added. The two compounds accelerated hydrolysis of bound [y*PJATP, .lAboit the
extent of the hydrolytic burst was higher with ATP (Fig. 1). In both cases, the rapid
phase was followed by a reiatively slow phase of [y “PJATP hydrolysis, and within 5
min all the [yY?PJATP had been hydrolyzed.

) The affinity of the binding sites of F, for PPi and azido-nitrophenyl-PPi are in the
UM range (Kironde & Cross, 1986; Issartel et al., 1987; Michel et al., 1989; Peinneqguin
ot al., 1992; Weber & Senior, 1995); thus, it was studied if in this concentration range
PPi accelerates [y*’PJATP hydrolysis. To this purpose, different concentrations of PPi
were added to F, loaded with substoichiometric amounts of [y*PJATP; it is noted that
the highest PPi concentration that could be assayed was 5§ mM (at higher
concentrations, PPi precipitated). Two seconds after the addition of PPi, the reaction
was arrested. The extent of the hydrolytic burst increased with PPi concentration (Fig.

11



2), and a Lineweaver Burk plot of the data (inset, Fig. 2) showed two slopes with
affinities of approximately 20 and 200 uM. Resuits from three independent
determinations showed that these values were 27 + 10 and 240 + 70 uM (= s-.d.). This
suggests that the filling of at least two binding sites for PPi operate in the acceleration
of hydrolysis of [y*>PJATP bound at the high affinity catalytic site of F,.

Regarding the sites that operate in the hydrolytic burst of [y*PJATP bound
under unisite conditions, it was explored if after PPi had induced a hydrolytic burst of a
portion of the bound [y**PJATP, hydrolysis of the [y ’PJATP that remained could still be
accelerated by excess ATP. It was found that after a PPi induced burst of (y?PJATP
hydrolysis had taken place, the further addition of ATP produced a second hydrotytic
burst of the remaining [yY*?PJIATP (Fig. 3). Thus, it appears that although Mt of the
fy**PIATP bound under unisite conditions is committed to hydrolysis, the filling of PPi
binding sites does not suffice to induce full hydrolysis of the bound [y*PJATP; this
suggests that ATP and PPi occupy different sites in F,, or that the particular
characteristics of ATP are needed for maximal hydrolysis of the bound [Y*PJATP.

PPi Does Not Produce Release of [¥~PJATP Bound to F, Under Unisite Conditions.
The addition of high concentrations of ADP or ATP to F. undergoing unisite
catalysis accelerates the rate of hydrolysis of the previously bound [y*PJATP (Cross et
al., 1982); however, it has been shown that ADP aiso produces the partition of a
fraction of the bound [y*PJATP into the media (Souid & Penefski 1995; Garcia ot al.,
1997). Therefore, it was studied if PPi induces [y“PJATP release. In these
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experiments, two protocols were followed. In one, F; undergoing unisite [y“PJATP
hydrolysis was mixed with 5 mM PPi, and thereafter passed by centrifugation through
Sephadex columns. In the experiments, two controls were included i.e. F, was mixed
with buffer alone or with buffer that had S mM ATP; the resulting mixtures were also
passed through Sephadex columns. In the esluates, the amount of pyotein. Y2PIATP
and [2P]Pi were determined. In consonance with published data (Duncan & Senior,
198S; Buliough et al., 1987; Noumi et al., 1987; Al-Shawi & Senior, 1988, 1989), the
eluate of F, that had been mixed with buffer contained Y *PIATP and [2P)Pi in a
stoichiometry that was close to one (Table 1). In contrast, in the eluates of F, that had
been treated with AfP. no radioactivity was detected; this was expected since excess
ATP produces a rapid breakdown of the bc;und Y *PIATP as consoquc'meo of
acceleration of product release (but see below). As shown in Table |, PPi also
produced a hydrolytic burst of bound [y*PJATP, but the eluate still contained [y*PJATP
and *¥Pi. As shown below, the presence of [y *PJATP in F, is not due to release and
rebinding of [y “PJATP.

This issue was further explored in experiments in which F, that had been
incubated with substoichiometric amounts of [y *°PJATP was mixed with PPi and a large
excess of hexokinase and glucose. Under these conditions any [y*PJATP in the media
would be converted into [*P]giucose-8-phosphate. Before the addition of PPi,
essentially all [y °PJATP introduced was inaccesible to hexckinase (Table Il). When
PPi was added to the [yY*PJATP-F, complex, a hydrolytic burst of a fraction of the

bound [Y®PJATP took place, but this was not accompanied by the formation of a
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significant amount of [*Plglucose-8-phosphate. A relevant control in these
experiments was to add 0.3 uM [Y*PJATP to a mixture that contained F, and
hexokinase. tn the latter conditions, all the added [Y*’PJATP was converted into
(®Plglucose-6-phosphate (Table i, third line). In addition to showing that hexokinase
effectively trapped ail the [yY*PJATP, this control also illustrated that the presence of
Y®PJATP in the eluate from Sephadex columns in the experiment of Table |, or the
reiatively slow rate of [y?’PJATP hydrolysis that took place after addition of PPi (Fig. 1)

was not consequence of release and re-binding of [y*?PJATP to F,.

ADP and ATP Induced Hydrolysis and Release of [Y°PJATP Bound Under Unisite
Conditions. '

The data of Tables | and il showed that aithough PPi produced a hydrolytic
burst of [y*?PJATP bound under unisite conditions, it did not cause its release. This
suggested that promotion of the hydrolytic and release reactions of the tightly bound
(Y*PJATP could be separately induced. This possibility was first explored by
determining the effect of different ADP concentrations on hydrolysis and release of
[Y**PJATP that had been bound to F, under standard conditions (Fig. 4); release was
determined by the accesibility of [y ?PJATP to hexckinase. Near-maximal acceleration
of [Y¥PIATP hydrolysis was observed with 10 uM ADP. Below this concentration,
hardly any [¥P]glucose-8-phosphate was formed, but as ADP concentration was
raised, there was a progressive increase in the amount of [y“PJATP that became
accesible to hexokinase. The Kd,,, for the latter reaction calculated from three different
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determinations was 44+ 10 uM (+s.d.). The differences in concentration required for
promotion of the hydrolytic and release reactions suggest that the number and affinity
of the sites that are occupied by ADP are central to the pathway that tightly bound
Y2PIATP follows.‘ Figure 3 also shows that ATP, at concentrations equivalent to those
of ADP, produced a higher hydroiytic burst of the bound [y*PJATP.

Taken together the experiments of Tables | and Il and Figure 3 show that the
hydrolytic reaction of [Y?PJATP bound to the high affinity catalytic site can be induced
separately from the release reaction by using either PPi, or by adding relatively low
ADP concentrations. It was thus explored if the two reactions could also be observed
when ATP is added to F, that is carrying out unisite [y?PJATP hydrolysis. In one set of
experiments (Table NIl), F, previously loaded with [y ?PJATP was mixed with § |;1M orS
mM ATP or ADP; afterwards the mixture was centrifuged through Sephadex columns.
In accordance with the data of Figure 4, 5 uM and S mM ATP produced a nearly equal
hydrolytic burst of the previously bound [Y®PJATP, but there were differences in the
{v*PJATP content of the eluates. The eluate of F, treated with 5 mM ATP had no
[y °PJATP, whereas that of F, treated with 5 uM ATP contained a significant amount of
(y?PIATP and [¥P)Pi. The experiments with ADP yielded similar results, except that a
small fraction of [2P]Pi remained bound to F, after addition of 5 mM ADP.

The latter resulits with ATP agree with the data of Milgrom & Murataliev (1987)
who showed that after acceleration of catalysis by 20 uM ATP, a 20 % fraction of the
previously bound [®P]Pi co-eluted with F; after passage through Sephadex columns.

These findings could suggest that there is a population of enzymes in which hydrolysis
15



of previously bound [y*P]ATP does not take place in the first turnover with cold ATP,
and that a number of turnovers higher than the few that took place with 5§ yM ATP is
needed to hydrolyze all thci bound [y**PIATP. In this respect, it is noted that in early
experimants on the acceleration of unisite hydrolysis by ATP, two rates of hydrolysis of
previously bound [y*PJATP were observed and this finding was adscribed to enzyme
heterogeneity (Cross et al., 1982; Penefsky, 1988). Alternatively, and in the light of the
data obtainoa with PPi and ADP (Figs 1-4), it was considered that under unisite
catalysis, a fraction of the enzymes could be prone for release of the tightly bound
[Y2PIATP. indeed, the absence of [y *PJATP in the eluate of F, treated with 5 mM ATP
(Table I11) could reflect that [y*PIATP was released from F, and removed when it was
passed through the Sephadex columns. .
Therefore, further experiments were carried out to explore if the addition of ATP
to F, undergoing unisite [y*?PJATP hydrolysis produces its release. Figure 1, as well as
other reports (Cross et al., 1982; Penefsky, 1988; Garcia et al., 1997), show that the
addition of excess ATP produces a hydrolytic burst that is followed by a slower phase
of [y ?PJATP hydrolysis. The latter coincides with hydrolysis of medium ATP suggesting
that a portion of the bound [y*PJATP mixed with medium ATP. Thus, to F, loaded with
W E2PIATP, 5 mM ATP was added, this was followed one second later by the addition of
hoxbkinau. it was found that a 28 % fraction of previously bound (YPPJATP was
transformed into [**Plglucose-8-phosphate (Table IV). In control experiments, 5 mM
[v®PIATP was mixed with F, undergoing unisite hydrolysis of non-radioactive ATP. In

these conditions, 15 % of [y*PJATP was hydrolyzed in one second of reaction time.
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This hydrolysis correlated with the 10 % hydrolysis expected from a multisite
F.«-ATPase activity of 70 umol/min/mg. Therefore, it appears that excess ATP indeed
produces releass of [y *PJATP bound at the high affinity catalytic site of F,.
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DISCUSSION

The finding that relatively high concentrations of ATP or ADP accelerate the
breakdown of [y""P]ATP bound to F, under unisite conditions, has been instrumental
for many studies on the mechanisms that operate during ATP hydrolysis by soluble F,
(for review see Penefsky & Cross, 1991). Nonetheless, as shown in this work,, the
addition of relatively high adenine nucleotide concentrations to F, undergoing unisite
Y2PIATP hydro_lysis also produces release of a portion of the tightly bound [y*PJATP.
The latter is of importance since during oxidative or photosynthetic phosphorylation,
release of synthesized ATP consumes an important amount of electrochemical H+
energy. the free energy diagram of hydrolysis under unisite conditions is in
consonance with this concilusion (Al-Shawi & Senior, 1988; Al-Shawi et al., 1980).
Thus, kowledge of the factors that lead to release of [yY>PJATP from a high affinity

catalytic site acquire particular relevance.

Hydrolysis and Release of [y*PJATP bound under Unisite Conditions.
Acceleration of hydrolysis of [y**PJATP bound under unisite conditions can be

induced by ATP, ADP, and PPi; in addition, it has been shown that TNP-ITP, TNP-ATP
and AMP-PNP (Grubmeyer & Penefsky, 1981) produce similar effects. Apparently,
there is not a large specificity for the molecule that induces important acceleration of
hydrolysis of the tightly bound [y*PJATP. However, it is noted that ATP, ADP and PPi
produce hydrolytic bursts of [y >PJATP of different extents; i.e. 0.10 + 0.02, 0.07 + 0.01
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and 005 + 0.01 mol/mol F,, respocfivoly (data calculated from 4-7 different
determinations + s8.d.). Moreover, it was found that after @ hydrolytic burst of [yY“PJATP
had been induced by PPi, the further addition of ATP produced a second burst of
hydrolysis. These findings indicate that acceleration of hydrolyis of [y*PIATP bound
‘under unisite conditions can be induced by the occupancy of various sites in F,. From
the data in this work, it cannot be ascertained if these sites are catalytic or non-
catalytic.

it was also observed that the filling of the sites that trigger [y2PJATP hydrolysis
by ADP or ATP may be accompanied by its release into the media; however, this iatter
event may be separated from the hydrolytic reaction. For instance, hydrolysis of the
tightly bound [y*?PJATP could be triggered by concentrations of ADP and ATP'th.t do
not produce release. It is also relevant that, at variance with ADP and ATP, PPi at
relatively high concentrations does not induce release of the tightly bound [y*PJATP,
aithough PPi accelerates hydrolysis of a portion of the tightly bound [y**PJATP. In this
regard, it is possible that PPi concentrations higher than those that could be
experimentally -sﬁyod are needed to produce [y 2PJATP release. Nevertheless, these
various observations indicate that partition of [y *PJATP into the media requires the
occupancy of sites different from those that trigger hydrolysis, or alternatively, the

filling of a site with relatively low affinity for PPi.
in soluble F, the transition of unisite to muitisite hydrolysis of [y*PJATP by
excess ATP may lead to the expression of two different rates of hydrolysis of the

previously bound [yPJATP. This has been attributed to heterogeneity in the
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population of F, (Cross, et al., 1982), or to an intrinsic heterogeneity of the catalytic
sites of F. (Bullough et al.,, 1887). In the presently described exporimoﬁu. it was
observed that high concentrations of ATP and ADP produce rapid hydrolisis of only a
fraction of the previously bound [Y¥PJATP, the rest is ejected into the media. This
could indicate the existence of a heterogensous population of F, in which [y*PJATP in
a fraction of the enzymes is committed to hydrolysis and in another to release.
However this raises the question of why in the latter population, PPi does not produce
release of [y CPIATP.

Thorrnod);namic analysis of unisite hydrolysis by F: (Al-Shawi & Senior, 1988;
Al-Shawi et al., 1989, 1960) indicates that release of [v*PJATP bound to a high affinity
‘site of the enzyme is an endergonic reaction, and that ADP binding 'ia a favorable
reaction. in this context, it is relevant that [yY*’PJATP bound to a high affinity binding
site of particulate F, could be released provided a H® gradient was established
(Penefsky, 1985); this process was enhanced by ADP (Souid & Penefsky, 1995).
Taken together, these findings suggest that the observed [y PJATP release from F,
r.piounts_tho terminal step of oxidative phosphoryiation, and that energy input from
electrochemical H* gradients plus the binding energy that derives from the binding of
ADP to F, results in optimal ejection of the tightly bound [y*PJATP.

These observations may explain why the occupancy of sites in F; by PPi does
not produce release of the tightly bound [y**PJATP. The values reported in this work of
the Kdg, of soluble F, for PPi (27 and 240 uM) agrees with the range of affinities

described previously (0.3-230 uM) (Kironde & Cross, 19886; issartel et al., 1987; Michel
20



ot al.,, 1989, Poi.nnoquin et al., 1992; Weber & Senior, 1995). This suggests that the
inability of PPi to induce release of [y“PJATP bound to F, under unisite conditions
could be related to its binding energy; it is lower than that of ATP or ADP, and in
consecuence lower than that nquir,d to release [YPPJATP from its high affinity
catalytic site. Moreover, it is relevant that in soluble F, in which [¥P]PPi and [y*PJATP
have been synthetized in the presence of dimethylsulfoxide, only the former is
released upon ditution of the cosolvent (Tuena de Gomez-Puyou et al., 18985), which
again illustrates that PPi binding is less tight than that of ATP.

Thus. this work shows that the hydrolytic reaction of the tightly bound [y**P)JATP
can be separated from the release reaction. It is also relevant that hydrolysis and
release of the tightly bound [y*PJATP may be induced by ADP and ATP, and ihat PPi
which has a lower binding energy than ATP and ADP, induces its hydrolysis, but not its
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TABLES

Table I: Effect of ADP and PPi on [y*PIATP and [2P)Pi bound to F; under Unisite

Conditions.

Iy °PIATP hydrolyzed Bound [y“PJATP Bound [*P]Pi

Additions to F,
undergoing unisite catalysis (mol/mol F,) (mol/mol F,) (mol/mol F,)
Buffer 0.110 : 0210 0.090
S mM MgATP 0.190 ND ND
S5 M MgPPi 0.160 0.058 0.092

F, was incubated in the standard conditions for unisite hydrolysis of [y *PJATP.
After 10 seconds of incubation, the indicated additions were made and 10 seconds

later, the samples were centrifuged through Sephadex columns and in the eluate, the
amount of protein, [y¥PIATP and [¥P)Pi were determined (see Methods section). In the
control, buffer without ATP or PPi was added. ND indicates thqt no radioactivity was
detected in the eluate. The Table also shows the amount of [y *PJATP that had been

hydrolyzed at the time in which the various samples were centrifuged.
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Table (I: Accesibility to Hexokinase of [Y“PJATP Bound to F; Under Unisite

Conditions.
Experimental Y 2PJATP hydrolyzed IY2PJATP transformed into
Condition - [*P)Glucose-8-phosphate
(mol/mol F,) - (rmol/mol Fy)
Fy + 0.3uM [Y“PATP : 0.130 0.003
“ — SmM MgPPi . 0.188 0.008
HK+ Fy — 0.3uM Y2PATP o 0.3

F. was incubated in the standard unisite conditions of [y”P]ATP hydroly.us
Aﬁor 20 seconds of incubation, samples were quenched with acid to determine the
amount of [Y¥PJATP hydrolyzed or supplemented with hexokinase and glucose to
determine the amount of [Y*PJATP accesible to hexckinase; the latter reactions were
arrested 30 seconds later. In other identical tubes, 5 mM PPi without and with
hexokinase was added; the reactions were arrested 2 and 30 seconds later in order to
determine the amount of [y*PJATP hydrolyzed ind that that become accesible to
hexokinase. The amount of [y PJATP and [ZPlglucose-8-phosphate was determined
as described under Methods. In the experiment of the third line, [yXPJATP was added
to a mixture of F, and hexokinase plus giucose, and 30 seconds later, the amount of
y2PIATP hydrolyzed and transformed into [“Plglucose-8-phosphate was determined.
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Table Iil: Effect of ATP and ADP on [y*PJATP and [¥P}Pi Bound to F, under Unisite

Conditions.
Additions to F, [y®PJATP hydrolyzed Bound [y“PJATP Bound [®PIPi
undergoing unisite hydrolysis (mol/mot! F,) (mot/mol F,) (mol/mol F,)
Bufter 0.150 0.060 0.088

5 uM MgGATP 0.202 0.025 0.035

5 mM MgATP 0.220 ND ND

S uM MgADP 0.193 0.030 0.028

5 mM MgADP 0.195 ND 0.018

Unisite [Y*°PJATP hydrolysis was aliowed to proceed for 10 seconds under the
standard conditions. At this time, 100 ul of buffer, or ATP or ADP at the indicated
concentrations were added; 10 seconds latter, the mixtures were either acid quenched
to determine the amount of y¥PJATP hydrolyzed, or passed through Sephadex
columns. In the latter eluates, protein, [Y“PJATP and [®P)Pi were determined. ND

indicates that no radioactivity was detected.
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TABLE IV: ATP Induced Relesse of [y *PJATP that had been Bound to F, under Unisite
Conditions.

Additions to F, [Y®PJATP hydrolyzed [y “PJATP tansformed into
undergoing unisite catalysis (% of total added) (¥P)Glucose-8-phosphate
(% of total [y*PJATP added)
Buffer 42 -2
5 mM ATP 53 28

Unisite [y”P]A'rP hydrolysis was allowed to proceed for 10 seconds. At this
time, ‘ldontic-l samples were treated with 100 ulL of buffer, or with SimM MgAfP. After
one second, the reaction was quenched with acid, to determine the amount of
[YCPJATP hydrolyzed, or supplemented with hexokinase + glucose; the latter umploi
were quenched with acid 30 seconds later in order to determine the amount of
(®Plglucose-8-phosphate formed.
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FIGURE LEGENDS

Figure 1. Effect of ATP and PPi on Hydrolysis of [y PJATP Bound Under Unisite

Conditions to Soluble F,. At time zero, the incubation of 1 uM F, with 0. 3 uM

[Y°PJATP was started and at the times shown the reaction was arrested with

trichloroacetic acid. At the arrow, 350 ul of buffer that contained MgATP (@ — @) or

MgPPi (0 — 0) were added (5 mM final concentration), and the reactions were allowed
to proceed for the times shown before adding trichloroacetic acid. At the points shown,
the amount of [y PJATP hydrolyzed was determined. The lower curve (J— ) shows
the unisite reaction profile in which no ATP or PPi were added. For further details see

Methods section.

Figure 2. Effect of different Concentrations of MgPPi on Hydrolysis of [y“PJATP
Bound Under Unisite Conditions. F, was incubatod.with (v*PJATP under the standard
conditions for unisite hydrolysis. After 10 seconds of incubation, the amount of
YePIATP hydrolyzed was determined; in the figure, this is shown as the point with zero
PPi concentration. To identical samples, 350 ul of buffer that contained MgPPi to yield
the indicated final concentrations were added; after § seconds the reaction was
-arrested. The inset is a Lineweaver Burk plot of the data in which the amount of
[Y=PJATP hydrolyzed after the addition of PPi minus the observed without PPi was

plotted against the indicated PPi concentrations.
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Figure 3. Hydrolysis of [yY’PJATP Bound Under Unisite Conditions After
Treatment With PPi and ATP. F, was loaded with [y¥PJATP under unisite conditions.
After 20 seconds of incubation, 5 mM MgATP or MgPPi was added; these additions
resulted in a hydrolytic burst of [yY*’PJATP. F, that had been treated with PPi was
subsequently exposed to 5 mM MgATP; this induced - second hydrolytic burst.

Figure 4. Effect of Different Concentrations of ADP and ATP on Hydrolysis of
Y®PJATP Bound to F, under Unisite Conditions. F, was loaded under the usual
conditions for unisite [y*PJATP hydrolysis for 20 seconds. At this time, the amount of
ly¥PIATP hydrolyzed was determined. Also at this time, identical samples were treated
with: i) the indicated condentrations of ADP (& — @) or ATP (0— ©0), and 2 seconds

. -l-tor the reactions were quenched with acid and the amount of [y¥*PJATP hydrolyzed
was determined, or ii) the indicated concentrations of ADP plus hexokinase and
glucose were added (@ — ®@); thirty seconds later the reactions were acid quenched
and the amount of [¥P)glucose-8-phosphate formed was determined (see Methods
section). ‘
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